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 I Summary
Summary	
	
During	 embryonic	 development,	 proper	 vertebrate	 body	 patterning	 is	 achieved	
through	 a	 series	 of	 highly	 regulated	 transcriptional	 mechanisms	 that	 result	 in	 a	 precise	
spatial	 and	 temporal	 control	 of	 specific	 master	 genes.	 Hox	 transcription	 factors	 play	 a	
crucial	 role	 in	 the	 specification	 of	 posterior	 positional	 identity,	 acting	 as	 part	 of	 a	
downstream	 regulatory	 network	 responding	 to	 Retinoic	 Acid	 (RA)	 activity.	 RALDH2	
enzyme	is	solely	responsible	for	embryonic	RA	synthesis	until	E8.5,	and	its	mutation	affects	
dramatically	 the	 development	 of	 different	 structures	 and	 organs	 such	 as	 heart,	 somites,	
pharyngeal	 arches,	 limb	 and	 neural	 tube	 (Niederreither	 et	 al.,	 1999).	 Yet,	 little	 is	 known	
about	the	molecular	mechanisms	involved	in	its	regulation.	Previous	literature	showed	that	
Pbx	 mutant	 mice	 phenocopy	 most	 of	 the	 defects	 exhibit	 by	 Raldh2–/–	 mutant	 animals	
(Capellini	et	al.,	2006;	Manley	et	al.,	2004;	Stankunas	et	al.,	2008).	Moreover,	Pbx	proteins	
are	well	characterized	Hox	cofactors	(reviewed	in	Moens	and	Selleri,	2006).	In	the	first	part	
of	this	work	we	investigate	the	role	of	Hox	and	Pbx	transcription	factors	in	the	maintenance	
of	 RALDH2	 expression.	 Using	 genetic	 tools	 and	 biochemical	 assays	 such	 as	 in	 situ	
hybridization,	reporter	gene	analysis	of	RA	activity,	chromatin	immunoprecipitation	(ChIP),	
electrophoretic	 mobility	 shift	 assay	 (EMSA)	 and	 BAC	 recombineering	 we	 address	 this	
important	question.		
Furthermore,	 the	generation	of	an	early	anterior	boundary	of	RA	activity,	obtained	
through	the	complementary	distribution	of	synthesizing	and	degrading	enzymes,	identifies	
a	 rostral	 embryonic	 domain	 devoid	 of	 Hox	 gene	 expression.	 Previously,	 it	 has	 been	
demonstrated	 that	 the	 maintenance	 of	 a	 Hox‐negative	 domain	 is	 an	 essential	 condition	
required	 for	 the	correct	morphogenesis	of	vertebrate	craniofacial	 structures	 (Couly	et	al.,	
1998;	Creuzet	et	al.,	2002).	During	early	phases	of	neurogenesis,	exogenous	administration	
of	 RA	 or	 mutation	 of	 CYP	 degrading	 enzymes	 result	 in	 the	 anterior	 shift	 of	 Hox	 gene	
expression	 in	 the	 hindbrain	 and	 in	 the	 corresponding	 NCCs	 populating	 the	 pharyngeal	
regions	(Hernandez	et	al.,	2007;	Mallo	and	Brändlin,	1997;	Marshall	et	al.,	1992;	Mulder	et	
al.,	 1998).	 These	 effects,	 associated	 with	 other	 RA‐mediated	 molecular	 changes	 in	 the	
signalling	 epithelium	 of	 first	 pharyngeal	 arch,	 lead	 to	 impairment	 of	 craniofacial	
 II 
development	(Mallo	and	Brändlin,	1997;	Vieux‐Rochas	et	al.,	2007).	Later	on,	anterior	Hox	
genes	 become	unresponsive	 to	RA	 signalling	 and	 its	 exogenous	 administration	 no	 longer	
affects	 head	 and	 pharyngeal	 patterning.	 These	 evidences	 suggest	 a	 possible	 role	 of	
epigenetic	 silencing	mechanisms	 in	 the	maintenance	 of	 transcriptional	 repression	 of	Hox	
gene	in	the	face.	Takihara	and	colleagues	(Takihara	et	al.,	1997)	show	that	Phc1	disruption	
(the	 mouse	 homologue	 of	 the	 Drosophila	 polyhomeotic	 gene)	 leads	 to	 altered	 antero‐
posterior	pattening	and	neural	crest	defects.	Furthermore,	Phc2	and	Phc1	have	been	shown	
to	act	synergistically	to	establish	a	Polycomb‐mediated	repression	of	Hox	genes	(Isono	et	al,	
2005).	Although	these	works	underscore	the	function	PRC1	complex	in	the	maintenance	of	
transcriptional	 repression	of	Hox	 genes	during	antero‐posterior	specification,	 they	do	not	
account	for	the	general	function	of	Polycomb‐mediated	silencing	in	NCCs.	Indeed,	although	
a	 large	majority	of	Polycomb	targets	are	co‐occupied	by	PRC2	and	PCR1	complexes	 in	ES	
cells,	 there	 is	 a	 substantial	 portion	 of	 target	 genes	 that	 show	 non‐overlapping	
characteristics	(Boyler	et	al.,	2006;	Ku	et	al.,	2008).	Moreover,	a	comprehensive	analysis	of	
craniofacial	defects	is	missing,	partly	due	to	the	early	lethality	of	the	analyzed	mutant	mice.	
In	 the	 second	 part	 of	 this	work	we	 address	 the	 genome‐wide	 impact	 of	 cell‐autonomous	
Ezh2	 mutation	 during	 craniofacial	 development	 in	 the	 mouse	 and	 we	 discuss	 the	
implications	 of	 our	 results	 in	 the	 context	 of	 collinear	 expression	 of	Hox	 genes	 and	 their	
chromatin	 architecture	 inside	 the	 nucleus.	 Using	 ChIP	 coupled	 with	 high	 throughput	
sequencing	 (ChIP‐seq)	 and	RNA‐seq	data,	we	 identify	 the	 epigenomic	 and	 transcriptomic	
features	of	defined	rostro‐caudal	cranial	NCC	populations.	This	study	deciphers	the	role	of	
PCR2	during	head	and	pharyngeal	morphogenesis.		
	
Finally,	 the	 present	 manuscript	 encompasses	 also	 two	 further	 research	 articles,	
result	 of	 the	 collaboration	 within	 the	 Prof.	 Rijli’s	 group	 and	 with	 the	 Prof.	 Chiquet‐
Ehrismann’s	group	at	the	FMI.	
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Abbreviations	
	
(ANT‐C)	Drosophila	Antennapedia	complex	
(BX‐C)	Drosophila	Bithorax	complex	
(BMPs)	Bone	Morphogenetic	Proteins	
(ChIP)	Chromatin	Immmunoprecipitation	
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(CRABPs)	Cellular‐RA‐Binding	Proteins			
(CRBPs)		Cellular	Retinol	Binding	Proteins		
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(DRs)	Direct	Repeats	
(EMSA)	Electrophoretic	Mobility	Shift	Assay	
(Ext)	Extradenticle	
(FGFs)	Fibroblast	Growth	Factors		
(GRNs)	Gene	Regulatory	Networks	
(GTFs)	General	Transcription	Factors	 	
(H3K27me3)	Histone	3	Lysine	27	trimethylation	
(HAT)	Histone	Acetyltransferase	
(HDACs)	Histone	Deacetylases		
(HMTs)	Histone	Methyltranferases	
(HOM‐C)	Drosophila	Homeotic	gene	complex	
(Hth)	Homothorax	
(lncRNA)	Long	non‐coding	RNA	
(NCCs)	Neural	Crest	Cells	
(NCoR)	Nuclear	Receptor	Co‐Repressor)	
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(Pc)	Polycomb	
(PcG)	Polycomb	group	proteins	
(PG1)	Hox	paralog	group	1	
(PG2)	Hox	paralog	group	4	
(PHD)	Plant	homeodomain	finger	
(PIC)	Pre‐initiation	complex	
(PolII)	RNA	polymerase	II	
(RA)	Retinoic	Acid	
(Raldh2)	Retinaldehyde	dehydrogenase	2	
(RARs)	Retinoic	Acid	Receptors	
(RBP)	Retinol	Binding	Protein	
(Raldhs)	Retinaldehyde	Dehydrogenases		
(Rdh10)	Retinol	Dehydrogenase	10		
(RXRs)	Retinoid	X	Receptors		
(SMRT)	Silencing	Mediator	of	Retinoic	and	Thyroid	Hormone	Receptor	
(TALE)	Three	Aminoacid	Loop	Extention	homeoproteins	
(TF)	Transcription	Factor	
(TFIID)	Transcription	Factor	IID	
(Trx)	Trithorax		
(TrxG)	Trithorax	group	proteins
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Chapter	1:	Introduction	
	
Body	plan	formation	is	achieved,	during	embryonic	development,	through	a	series	of	
gene	regulatory	networks	(GRNs)	 that	act	 in	response	 to	cellular	environmental	cues	and	
promote	 cell‐specific	 differentiation	 and	 behavior.	 Transcriptional	 changes	 induced	 by	
environmental	signals	are	then	maintained	over	cell	generations	through	tightly	regulated	
epigenetic	 mechanisms	 (Figure	 1.1).	 Genetic	 mutations	 or	 perturbations	 of	 the	 cellular	
environment,	occurring	during	prenatal	 life,	might	affect	 specific	cell	 function,	 survival	or	
proliferation,	 resulting	 in	 tissue,	 organ	 and	 system	dysfunction	 and	 eventually	 leading	 to	
death.	 Understanding	 the	 molecular	 mechanisms	 underlying	 the	 regulation	 of	 the	
developmental	 transcriptional	 pathways	 is	 important	 to	 shed	 light	 on	 the	 etiology	 of	 a	
broad	spectrum	of	pathological	conditions,	from	mental	retardation	to	cancer.	
	
Figure	1.1.	Waddington’s	classical	epigenetic	 landscape.	 	This	drawing	represents	 the	
process	 of	 cellular	 decision‐making	 during	 differentiation	 (original	 image	 from	 Conrad	
Waddington,	1957).	
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During	 early	 embryonic	 development,	 the	 gastrulation	 process	 leads	 to	 the	 final	
positioning	 of	 the	 three	 germ	 layers	 (ectoderm,	mesoderm	and	 endoderm)	 that	will	 give	
rise	 to	 all	 the	 organs	 and	 tissues	 that	 compose	 the	 organism.	 In	 parallel,	 the	 cells	 that	
compose	these	 layers	will	acquire	positional	 information	according	to	their	 location	along	
the	 rostro‐caudal,	 dorso‐ventral	 and	 left‐right	 axes	 of	 the	 embryo.	 Morphogens	 are	
signalling	molecules	able	to	diffuse	through	the	developing	tissues	and,	according	to	their	
local	concentrations,	influence	cell	identity	conveying	positional	information	along	the	body	
axes.	Although	there	are	different	mechanisms	able	to	establish	morphogen	gradients,	 the	
most	 known	 are	 based	 on	 localized	 secretion,	 general	 spreading,	 and	 defined	
clearance/degradation.	At	the	cellular	level	the	gradient	activates	signaling	effectors	able	to	
modulate	the	transcriptional	state	of	target	genes,	which	in	turn,	cross‐regulate	each	other	
(Figure	1.2).	By	shaping	the	expression	landscape	of	target	cells,	morphogens	are	able	to	
induce	spatio‐temporal	and	cell‐specific	differentiation	and	behavior	(Kicheva	et	al.,	2012).	
	
Figure	 1.2.	 Positional	 information	 interpreted	 by	 a	 Gene	 Regulatory	 Network	 in	
response	to	a	morphogen	gradient.		This	spatial	model	consists	of	a	one‐dimensional	row	
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of	cells	with	the	GRN	repeated	in	each	cell.	The	gene	depicted	in	red	responds	to	the	local	
concentrations	of	a	morphogen.	Cells	can	signal	to	one	another	(dashed	arrows)	by	means	
of	diffusible	gene	products	(Cotterell	and	Sharpe,	2010).	
1.1. Hox	genes:	organization	and	early	expression	onset	
In	 the	 embryo,	 key	 developmental	 proteins	 belonging	 to	 the	 homeodomain	
transcription	 factor	 family,	 shape	 the	 anterior‐posterior	 neural	 tube	 through	 their	
differential	and	nested	expression	along	the	neuraxis.	Otx	and	Emx	define	the	most	anterior	
part	 of	 the	 neural	 tube.	 Members	 of	 Pax,	 Gbx	 and	 En	 transcription	 factors	 define	 the	
midbrain/hindbrain	 boundary	 (Kiecker	 and	 Lumsden,	 2005).	 Posteriorly,	 the	
rhombencephalic	region	is	patterned	by	the	expression	of	Hox	transcription	factors	(Narita	
and	Rijli,	2009),	while	Cdx	transcriptin	factors	are	co‐expressed	with	Hox	in	the	caudal	part	
of	the	embryo	(Young	and	Deschamps,	2009).	
Described	 to	 confer	 segmental	 identity	 in	 Drosophila,	 Hox	 genes	 have	 conserved	
their	 function	 throughout	evolution	and	also	 in	 vertebrates,	 in	which	 they	act	 as	 selector	
genes	during	the	specification	of	metameric	structures	such	somites	and	rhombomeres.	Hox	
genes	 are	 organized	 in	 clusters.	 In	 Drosophila	 the	 Homeotic	 gene	 complex	 (HOM‐C)	 is	
composed	 of	 eight	 genes	 organized	 in	 two	 groups:	 the	 Antennapedia	 compex	 (ANT‐C),	
whose	genes	specify	the	 identity	of	anterior	segments	(head	to	second	thoracic	segment),	
and	the	Bithorax	complex	(BX‐C),	whose	genes	specify	the	identity	of	posterior	ones	(third	
thoracic	to	abdomen).	In	mammals	there	are	39	Hox	genes	organized	in	four	clusters	(A	to	
D)	that	have	arisen	through	duplication	and	divergence,	during	the	evolution,	from	a	proto‐
Hox	 cluster	 (Figure	1.3).	 Their	 expression	 pattern	 along	 the	 embryonic	 antero‐posterior	
axis	 and	 the	 onset	 of	 their	 activation	 follow	 their	 relative	 position	 (3’‐to‐5’)	 along	 the	
chromosomes.	These	phenomena	have	been	called	 respectively	 spatial	 (Lewis,	1978)	and	
temporal	 collinearity	 (Izpisúa‐Belmonte	 et	 al.,	 1991).	 Thetrefore,	 for	 example,	Hoxa1	and	
Hoxb1,	 which	 belong	 to	 the	Hox	 paralog	 group	 1	 (PG1),	 are	 expressed	 before	 and	 reach	
more	anterior	expression	boundaries	than	PG4	Hox	members.	
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Figure	1.3.	Hox	expression	and	genomic	organization.	 	This	image	depicts	the	genomic	
organization	 and	 the	 expression	 patterns	 of	Hox	 genes	 in	 fly	 and	mouse	 embryos	 (from	
Pearson	and	al.,	2005).	
In	 Drosophila,	 activation	 of	 homeotic	 selector	 genes	 refines	 the	 antero‐posterior	
pattern	pre‐imposed	by	 the	sequential	expression	of	maternal	genes	gap	and	pair‐rule.	 In	
amniotes,	 the	molecular	mechanisms	 leading	 to	 the	 temporal	 onset	 of	 their	 transcription	
are	 still	 elusive,	 although	 recent	 studies	 have	 indicated	 the	 role	 of	 regulatory	 regions	
located	 in	 the	 neighborhood	 regions	 outside	 the	 clusters	 (Tschopp	 et	 al.,	 2009).	 On	 the	
other	hand,	the	events	that	cause	their	spatial	distribution	along	the	rostro‐caudal	axis	have	
been	 well	 characterized.	 	 3’	 Hox	 genes	 start	 to	 be	 expressed	 during	 gastrulation	 in	 the	
epiblast,	 in	a	salt‐and‐pepper	manner,	at	 the	 level	of	 the	presumptive	paraxial	mesoderm	
located	 bilaterally	 to	 the	 forming	 primitive	 streak	 (Forlani	 et	 al.,	 2003).	 At	 this	 stage,	
endodermal	and	mesodermal	precursors	located	in	the	epiblast	converge	toward	the	streak	
where	 they	 undergo	 an	 epithelial‐to‐mesenchymal	 transition.	 These	 cells	 then	 ingress	
ventrally	 and	migrate	 anteriorly	 and	 laterally	 to	 reach	 their	 final	 position.	 Moreover,	 as	
gastrulation	 proceeds,	 the	 primitive	 streak	 moves	 forward	 reaching	 its	 maximal	 extent.	
Then,	activated	3’	Hox	gene	expression	spreads	to	all	the	paraxial	progenitors	located	in	the	
epiblast,	 all	 along	 the	 primitive	 steak.	 During	 their	 ingression	 through	 the	 streak,	
mesodermal	and	endodermal	precursors	enter	into	the	presomitic	mesoderm	and	maintain	
the	Hox	code	acquired	in	the	epiblast	(Iimura	and	Pourquié,	2006).					
 5 Chapter	1:	Introduction
	
	
Figure	1.4.	Onset	and	spreading	of	Hox	activation	 in	 the	chicken	embryo.	 	Temporal	
collinear	 Hox	 gene	 activation	 causes	 their	 spatial	 collinear	 expression	 in	 the	 chicken	
paraxial	mesoderm	(from	Iimura	et	al.,	2009).	
Subsequently,	 the	primitive	 streak	and	 the	node	 retract	 the	notocord	 is	 laid	down	
ahead	while	somites	start	to	condense.	Following	the	rule	of	the	temporal	collinearity,	after	
a	delay	of	few	hours,	subsets	of	more	5’	Hox	genes	undergo	the	above	mentioned	activation	
steps.	However,	their	anterior	expression	boundaries	will	be	posteriorly	shifted	due	to	the	
regression	of	 the	primitive	 streak	 (Figure	1.4).	 In	vivo	 overexpression	 experiments	 have	
shown	 that	Hox	 genes	 are	 able	 to	 control	 the	 time	 the	 progenitors	 spend	 in	 the	 epiblast	
before	 they	 ingress	 through	 the	 streak.	 In	 this	way,	 precursors	 that	 express	more	5’	Hox	
genes	will	spend	longer	time	in	the	epiblast	and	will	form	more	posterior	somites	compared	
to	those	expressing	3’	genes.	Therefore	,this	mechanism	links	directly	Hox	code	expression	
to	spatial	collinearity	in	the	somites	(Iimura	and	Pourquié,	2006).		
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1.2. Regulation	of	Hox	gene	expression	in	the	hindbrain	
Later	 on,	Hox	 gene	 activation	 is	 induced	 in	 the	 neural	 tissue	where	 they	 set	 their	
rostralmost	 boundaries	 of	 expression.	 At	 this	 developmental	 stage,	 the	 neural	 plate	 does	
not	exhibit	any	of	the	morphological	landmarks	that	will	be	present	during	the	later	phases	
of	 the	 central	 nervous	 system	development.	However,	 a	 subset	 of	 transcriptional	 factors,	
ligands	 and	 their	 cognate	 receptors	 start	 to	 be	 expressed	 in	 a	 nested	manner	 along	 the	
antero‐posterior	axis	of	the	neural	tube,	supplying	the	neural	tissue	with	the	first	molecular	
hint	 of	 the	 future	 physical	 compartmentalization.	 Indeed,	 Hox	 proteins	 together	 with	
Krox20	and	Kreisler	 transcription	 factors	 regulate	 the	alternate	expression	of	ephrin	and	
Eph	 receptors	 along	 the	 antero‐posterior	 axis	 in	 the	 rhombencephalon.	 The	 ephrin/Eph	
signaling	 acts	 as	 repulsive	 molecular	 mechanism	 that	 results	 in	 the	 subdivision	 of	 the	
hindbrain	 in	 seven	 distinct	 regions	 called	 rhombomeres.	 Inside	 each	 rhombomere,	
subpopulations	 of	 progenitors	 eventually	 form	 nuclei	 that	 will	 organize	 into	 circuits	 to	
regulate	high	physiological	functions	such	as	motor	control,	heart	rate	and	respiration.	This	
metameric	organization	 impinges	on	the	repetitive	and	stereotyped	architecture	of	motor	
nerve	exit	and	neural	crest	cell	migration.		
The	nested	expression	of	Hox	genes	in	the	hindbrain	is	driven	by	the	modulation	of	
cis‐acting	regulatory	regions,	whose	activities	are	controlled	in	space	and	time	through	the	
integration	 of	 signalling	 pathways	 (e.g.	 Retinoic	 Acid	 (RA),	 Bone	Morphogenetic	 Proteins	
(BMPs),	 Fibroblast	Growth	Factors	 (FGFs)),	 transcription	 factors	 (e.g.	Krox20,	Kreisler	 as	
well	 as	 AP‐2,	 PBC	 and	 Meis	 family	 proteins)	 and	 epigenetic	 complexes	 (e.g.	 Polycomb,	
Trithorax).	
1.2.1. Retinoic	Acid	Signalling	
All‐trans	Retinoic	Acid	(RA),	one	of	the	active	forms	of	Vitamin	A,	is	a	small	lipophilic	
molecule	 that	 shows	 pleiotropic	 effects	 during	 embryonic	 development	 and	 adulthood,	
regulating	 several	 cellular	 mechanisms	 like	 proliferation,	 differentiation	 and	 apoptosis.	
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Perturbations	of	 the	RA	signalling	affect	organogenesis,	 skeletal	development	and	central	
nervous	 system	 patterning.	 Vitamin	 A	 cannot	 be	 synthesized	 by	 animals	 and	 should	
therefore	be	introduced	into	the	organism	through	dietary	supplementation.	After	ingestion	
it	 is	 bound	 to	 retinol	 binding	 protein	 (RBP)	 and	 transported	 through	 the	 plasma	 to	 cell	
surface	receptors	for	uptake.	 Inside	the	cells,	 the	amount	of	 free	Vitamin	A	available	for	a	
two‐step	conversion	to	RA	is	homeostatically	regulated	by	the	presence	of	cellular	retinol‐
binding	proteins	(CRBPs).	In	the	first	step,	the	retinol	dehydrogenase	10	(Rdh10)	converts	
retinol	 to	 retinaldehyde.	 The	 second	 step	 is	 catalyzed	 by	 retinaldehyde	 dehydrogenases	
(Raldhs)	 that	 convert	 retinaldehyde	 to	RA.	 	Retinoic	Acid,	 as	 lipophilic	molecule,	 diffuses	
extracellularly	and	reaches	target	cells	where	it	binds	a	subfamily	of	nuclear	receptors,	the	
Retinoic	Acid	Receptors	 (RARs),	 inducing	 transcriptional	activation	of	downstream	genes.	
At	 cellular	 level,	 retinoic	 acid	 forms	 complex	with	 cellular‐RA‐binding	proteins	 (CRABPs)	
that	shuttles	RA	to	its	receptors.	The	amount	of	free	RA	depends	on	the	presence	of	specific	
Retinoic	Acid	degrading	enzymes	belonging	to	the	cytochrome	P450	family	(CYPs).	
RARs	 form	 heterodimers	 with	 retinoid	 X	 receptors	 (RXRs)	 and	 bind	 to	 specific	
sequences	of	DNA	called	retinoic	acid	response	elements	(RAREs).	RAREs	are	composed	of	
two	direct	 repeats	 (DRs)	of	 a	 core	hexameric	motif	PuG(G/T)TCA,	usually	 separated	by	a	
spacer	of	five	(DR5),	two	(DR2)	or	one	(DR1)	base	pairs.	In	absence	of	the	ligand,	the	apo‐
RAR/RXR	 heterodimers	 recruit	 a	 co‐repressor	 complex	 (NCoR	 nuclear	 receptor	 co‐
repressor	or	SMRT	silencing	mediator	of	retinoic	and	thyroid	hormone	receptor)	tethering	
histone	 deacetylases	 (HDACs),	 resulting	 in	 chromatin	 compaction	 and	 gene	 silencing.	 On	
the	 contrary,	 in	 presence	 of	 RA,	 the	 holo‐RAR/RXR	 heterodimers	 undertake	 a	
conformational	change	that	dislodges	the	co‐repressor	and	recruits	a	co‐activator	complex	
belonging	 to	 the	 SRC/p160	 family,	 which,	 in	 turn,	 interacts	 with	 chromatin	 modifying	
enzymes	 (p300/CBP,	 p/CAF,	 CARM1)	 and	 ATP‐dependent	 chromatin	 remodelling	
complexes	 (SWI/SNF)	 (Flajollet	 et	 al.,	 2007).	 The	 histone	 acetyltranferase	 (HAT)	 activity	
mediated	 by	 the	 p300/CBP,	 p/CAF	 and	 SRC/p160,	 together	 with	 the	 nucleosome	
reposition/eviction	 activity	 mediated	 by	 the	 SWI/SNF	 complex	 induce	 decompaction	 of	
repressive	chromatin	and	facilitate	the	positioning	of	the	transcriptional	machinery	at	the	
promoter	 of	 target	 genes	 (Bastien	 and	 Rochette‐Egly,	 2004).	 Indeed,	 after	 chromatin	
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remodelling,	a	transient	ternary	complex	containing	Mediator	facilitates	the	dissociation	of	
the	co‐activators	and	 the	positioning	of	 the	general	 transcription	 factors	 (GTFs)	and	RNA	
polymerase	II	(Pol	II)	into	the	pre‐initiation	complex	(PIC)	at	the	promoter	regions.	
Perturbations	 of	 RA	 signalling	 have	 teratogenic	 effects.	 Excess	 of	 RA,	 during	
embryonic	development,	causes	severe	defects	in	the	hindbrain,	limbs,	heart,	gut	and	many	
other	organs	(Durston	et	al.,	1989;	Marshall	et	al.,	1992;	Godsave	et	al.,	1998).	Vitamin	A‐
deficiency	 (VAD)	 also	 induces	 defects,	 characterized	 by	 global	 reorganization	 of	
rhombomeric	 territories	 in	 the	 hindbrain:	 the	 anterior	 rhombomeres	 expand	 at	 the	
expenses	of	the	posterior	ones	(r4‐7)	(Gale	et	al.,	1999;	White	et	al.,	2000).	The	severity	of	
these	effects	depends	on	the	severity	of	the	VAD	(Figure	1.5).	
	
Figure	 1.5.	 Hindbrain	 reorganization	 in	 response	 to	 RA	 signalling	 activity.	 	 VAD	
embryos	 show	 a	 variety	 of	 phenotypic	 hindbrain	 defects	 depending	 on	 the	 effective	
concentration	of	RA	(from	Gavalas,	2002).	
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RA	 acts	 as	 a	 morphogen	 during	 gastrulation.	 The	 RA	 morphogenetic	 gradient	 is	
established	 through	 the	 complementary	 distribution	 of	 synthesizing	 and	 degrading	
enzymes	along	 the	 rostro‐caudal	 axis	of	 the	embryo	 (Swindell	et	al.,	 1999).	Raldh2	 is	 the	
earliest	 synthesizing	 enzyme	 to	 be	 expressed.	 Initially,	 it	 is	 found	 in	 the	 primitive	 streak	
and	 mesodermal	 cells.	 Later	 on,	 it	 is	 expressed	 in	 somitic	 and	 lateral	 mesoderm	
(Niederreither	et	al.,	1997).	RALDH2	is	solely	responsible	for	embryonic	RA	synthesis	until	
E8.5.	 Raldh2–/–	 mouse	 mutants	 die	 before	 mid‐gestation	 due	 to	 defective	 heart	
morphogenesis.	Moreover,	they	exhibit	numerous	abnormalities	(Niederreither	et	al.,	1999;	
Niederreither	 et	 al.,	 2001;	 Niederreither	 et	 al.,	 2000).	 	 Some	 of	 them	 can	 be	 rescued	 by	
transient	 maternal	 RA	 supplementation	 from	 E7.5	 to	 E8.5‐9.5	 (e.g.	 Mic	 et	 al.,	 2002;	
Niederreither	et	al.,	2003;	reviewed	in	Rhinn	and	Dollé,	2012).	
	Once	synthesized	in	the	paraxial	and	somitic	mesoderm	RA	diffuses	extracellularly	
and	 reaches	 the	 surrounding	 tissues	where	 it	 regulates	 the	 transcription	of	 target	 genes.	
The	 RA	 degrading	 enzymes	 Cyp26a1,	 b1	 and	 c1	 exhibit	 combinatorial	 and	 dynamic	
expression	patterns	(White	et	al.,	1997;	Fujii	et	al.,	1997;	Hollemann	et	al.,	1998;	Swindell	et	
al.,	 1999).	 In	 the	 hindbrain,	 their	 local	 activities	 modulate	 the	 RA	 signaling,	 resulting	 in	
rhombomere‐specific	control	of	RA	signaling	(Sirbu	et	al.,	2005).	Loss‐of‐function	mutations	
of	these	genes	show	defects	consistent	with	an	increase	in	RA	signaling	(Hernandez	et	al.,	
2007;	reviewed	in	White	and	Schilling,	2008).		
	
1.2.2. Transcriptional	networks	
The	molecular	mechanisms	 that	 underlie	 hindbrain	 reorganization	 in	 response	 to	
perturbed	RA	signalling	are	mediated	by	deregulation	of	Hox	genes	(Marshall	et	al.,	1994;	
Dupé	et	al.,	 1997,	Gavalas	et	al.,	1998)	and	 their	 transcriptional	networks.	RAREs	 located	
within	cis‐regulatory	regions	of	Hoxa1	(Langston	and	Gudas,	1992;	Frasch	et	al.,	1995)	and	
Hoxb1	(Marshall	et	al.,	1994;	Langston	et	al.,	1997),	respond	directly	to	RA	and	govern	the	
early	phases	of	spatial	and	temporal	expression	of	these	genes	in	the	hindbrain	and	other	
tissues.	 Hoxa1	 and	 Hoxb1	 cooperate	 in	 the	 establishment	 of	 the	 rhombomere	 4	 (r4)	
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domain,	which,	in	turn,	exhibit	a	FGF	signalling	activity	required	for	proper	specification	of	
posterior	 rhombomeric	 identities	 (Maves	 et	 al.,	 2002;	 Walshe	 et	 al.,	 2002).	 In	 Hoxa1	
mutants,	rhombomere	3	expands	posteriorly	and	the	development	of	rhombomere	4	and	5	
is	severely	affected	(Dollé	et	al.,	1993;	Carpenter	et	al.,	1993).	This	reorganization	results	in	
the	absence	of	the	abducens	(VI	cranial	nerve),	reduction	of	the	facial	(VII),	absence	of	the	
spiral	and	vestibular	ganglia	(VIII)	as	well	as	reduction	of	glossopharyngeal	(IX)	and	vagus	
(X)	 nerves	 (Mark	 et	 al.,	 1993).	 Hoxa1–/–/Hoxb1–/–	 double	 mutants	 show	 a	 more	 severe	
phenotype,	with	r4‐5	being	dramatically	affected	or	completely	absent	(Gavalas	et	al.,	1998;	
Gavalas	et	al.,	2001;	Rossel	and	Capecchi,	1999;	Studer	et	al.,	1998).	 In	wild‐type	animals,	
Hoxa1	 starts	 to	 be	 expressed	 in	 the	 epiblast	 and	 in	 the	 posterior	 primitive	 streak	 at	 the	
embryonic	day	7.5	(E7.5).	At	E7.75,	Hoxa1	reaches	its	most	anterior	border	of	expression	in	
the	 neuroepithelium,	 corresponding	 to	 the	 presumptive	 rhombomere	 3	 (Makki	 and	
Capecchi,	2010).	Subsequently,	its	domain	retracts	to	most	posterior	regions.	This	dynamic	
pattern	 of	 expression	 follows	 the	 spatial	 distribution	 of	 RA	 signalling	 in	 the	 developing	
embryo,	 which,	 at	 E7.75,	 reaches	 it	 maximal	 extension	 to	 the	 Cyp26a1	 domain,	
corresponding	to	the	r2/r3	boundary	in	the	hindbrain.	After	that	(E7.9),	the	anterior	border	
of	RA	activity	retracts	towards	the	r4/r5	boundary	because	of	the	RA‐mediated	induction	of	
Cyp26c1	in	r4	(Sirbu	et	al.,	2005).	By	E8.25,	Cyp26b1	is	expressed	in	r5,	contributing	to	the	
local	control	of	RA	activity	(Hernandez	et	al.,	2007).	Experiments	carried	in	Raldh2–/–	and	in	
Hoxa1	3’RARE	mouse	mutants	showed	that	the	earliest	temporal	activation	of	Hoxa1	in	the	
epiblast	and	posterior	primitive	streak	does	not	depend	on	RA	activity		(Dupé	et	al.,	1997;	
Niederreither	 et	 al.,	 1999).	 On	 the	 other	 hand,	 the	 overall	 Hoxa1	 expression	 levels	 are	
reduced	 and	 a	 delay	 in	 the	 establishment	 of	 its	 anterior	 boundary	 in	 the	 presumptive	
hindbrain	 is	observed.	Similarly	 to	Hoxa1,	Hoxb1	 expression	 in	 the	hindbrain	depends	on	
RA	signalling.	Between	E7.5	and	E8.0,	Hoxb1	reaches	its	maximal	extension	corresponding	
to	 the	 r4	presumptive	 region.	 In	Raldh2–/–	mutants	 and	RAR–/–/RAR–/–	 double	mutants,	
Hoxb1	 fails	 to	 establish	 its	 expression	 in	 r4	 (Niederretiher	 et	 al.,	 1997;	 Wendling	 et	 al.,	
2001;	 Sirbu	 et	 al.,	 2005).	 In	 Cyp26a1–/–	 mutants,	 the	 expression	 of	 Hoxb1	 indicates	 an	
enlarged	prospective	r4	territory	and	misspecification	of	anterior	regions	(Abu‐Abed	et	al.,	
2001).	These	effects	are	more	drastic	in	Cyp26a1–/–/Cyp26c1–/–	double	mutants	(Uehara	et	
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al.,	2007).	Furthermore,	exogenous	administration	of	RA	leads	to	the	ectopic	expression	of	
Hoxb1	in	the	r2	territory	(Mallo	and	Brändlin,	1997,	Marshall	et	al.,	1992).	
Once	RA	has	driven	the	 initiation	of	Hoxa1	and	Hoxb1	expression	 in	 the	hindbrain,	
auto‐	 and	 cross‐regulatory	 interactions,	 together	 with	 the	 regulation	 mediated	 by	 other	
transcription	 factors,	 participate	 in	 the	 identification	 of	 rhombomeric	 regions.	 PBC	 and	
MEIS	 classes	of	Three	Aminoacid	Loop	Extention	 (TALE)	homeodomain	proteins	are	well	
characterized	Hox	 cofactors	 (reviewed	 in	Moens	 and	 Selleri,	 2006).	 Vertebrate	 PBC	 class	
comprises	Pbx	homoproteins,	 homologous	 to	Drosophila	Extradenticle	 (Exd),	whereas	 the	
MEIS	 class	 includes	 vertebrate	 Meis	 and	 Prep	 homoproteins,	 homologous	 to	 Drosophila	
Homothorax	 (Hth).	 Hox	 regulatory	 elements	 often	 consist	 of	 Hox‐Pbx	 bipartite	 motifs,	
frequently	 associated	 to	 nearby	 Meis/Prep	 binding	 sites	 that	 lead	 to	 the	 cooperative	
recruitment	 of	 tripartite	 Hox‐Pbx‐Meis/Prep	 complexes.	 Mutation	 of	 either	 Hox‐	 or	 Pbx‐
binding	 element	 prevents	 reporter	 expression	 in	 transgenic	 mice	 (Ferretti	 et	 al.,	 2005;	
Maconochie	et	al.,	1997;	Pöpperl	et	al.,	1995).	Furthermore,	vertebrate	Pbx	mutants	exhibit	
phenotypic	effects	resembling	those	showed	by	Hox	loss‐of‐function	animals	(Manley	et	al.,	
2004;	Pöpperl	et	al.,	2000;	Selleri	et	al.,	2001).	More	broadly,	Hox	and	Pbx	are	thought	to	
cooperate	 in	 the	 specification	 of	 rhombomeric	 identities	 posterior	 to	 r1	 (McNulty	 et	 al.,	
2005;	Waskiewicz	et	al.,	2002).	Between	E8.0	and	E8.5,	 the	expression	of	Hoxb1	becomes	
restricted	to	r4.	A	cis‐regulatory	region	containing	multiple	binding	sites	for	Hox	proteins	
and	their	cofactors	has	been	characterized	to	be	responsible	for	r4	maintenance	(Ferretti	et	
al.,	2005;	Maconochie	et	al.,	1997;	Pöpperl	et	al.,	1995).	 Indeed,	Hoxa1,	Hoxb1	and	Hoxb2	
have	been	shown	to	 interact	with	members	of	Pbx	and	Meis	families	 in	order	to	maintain	
Hoxb1	 expression	 in	 r4	 (Ferretti	 et	 al.,	 2005;	 Gavalas	 et	 al.,	 2003;	 Pöpperl	 et	 al.,	 1995;	
Studer	 et	 al.,	 1998).	 Furthermore,	 a	 different	Hoxb1	 cis‐regulatory	 element	 containing	 a	
RARE	and	bound	by	 the	 zinc‐finger	 transcription	 factor	Krox20	works	 as	 repressor	 in	 r3	
and	 r5,	 to	 suppress	 its	 expression	 in	 surrounding	 regions	 (Studer	 et	 al.,	 1994).	 Krox20	
starts	to	be	expressed	in	the	presumptive	r3	region	at	E8.0	and	then	becomes	expressed	in	
the	 presumptive	 r5	 region	 by	 E8.25	 (Irving	 et	 al.,	 1996;	 Wilkinson	 et	 al.,	 1989).	 This	
transcription	 factor	 plays	 an	 important	 role	 in	 the	 regulation	 of	 Hox	 paralog	 group	 2	
(Hoxa2,	Hoxb2)	within	its	domain	of	expression	(Maconochie	et	al.,	2001;	Sham	et	al.,	1993).	
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Anteriorly,	Hoxa2	 is	 the	only	Hox	 gene	expressed	 in	r2	and	 its	 regulation,	driven	 through	
the	 activity	 of	 a	 cis‐regulatory	 element	 located	 in	 its	 coding	 region,	 is	 important	 for	 the	
identity	of	this	segment	(Gavalas	et	al.,	1997;	Oury	et	al.	2006;	Tümpel	et	al.,	2008)	(Figure	
1.6).	
	
Figure	1.6.	Segmental	distribution	of	cranial	nerves,	neural	crest	cells	and	Hox	gene	
expression.	 	 The	 nested	 expression	 of	 Hox	 genes	 along	 the	 hindbrain	 relies	 on	 RA	
responsiveness	and	gene	regulatory	networks,	which,	in	turn,	confer	rhombomeric	identity.	
Stereotyped	 architecture	 of	 motor	 nerve	 exit	 and	 neural	 crest	 cell	 migration	 are	 here	
depicted	(from	Kiecker	and	Lumsden,	2005).	
	
The	r5‐6	domain	is	specified	by	the	expression	of	the	transcription	factor	Kreisler.	In	
kreisler–/–	mutants,	r5	and	r6	are	 lost	and	the	otic	vesicle,	which	normally	 lies	adjacent	to	
r5‐6	 is	 displaced	 laterally	 and	 develops	 into	 a	 cystic	 structure	 without	 an	 organized	
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vestibular	apparatus	or	cochlea	(McKay	et	al.,	1994).	This	transcription	factor	is	activated	at	
E7.5	 in	 the	 presumptive	 r5	 region.	 Subsequently,	 its	 expression	 spreads	 also	 in	 the	 r6	
region	and	stays	activated	until	E9.0.	Kreisler	initiates	the	expression	of	Hoxa3	and	Hoxb3.	
Subsequently	 auto‐	 and	 cross‐regulatory	 interactions	 are	 respectively	 responsible	 for	 the	
maintenance	of	their	expression	(Manzanares	et	al.,	1997,	1999,	2001).			
Finally,	between	E8.5	and	E9.5,	also	PG4	Hox	genes	reach	their	anterior	boundary	in	
the	 hindbrain	 (r6/7)	 driven	 by	 the	 sustained	 activity	 of	 the	RA	 signalling	 (Folberg	 et	 al.,	
1997;	Whiting	et	al.,	1991)	coming	from	the	nearby	somites	(Gould	et	al.,	1997).	After	RA‐
mediated	initiation,	the	expression	of	these	genes	stars	to	regress	toward	posterior	regions,	
while	Hoxb4	 is	 maintained	 through	mechanisms	 of	 auto‐	 and	 cross‐regulatory	 networks	
(Gould	et	al.,	1997,	1998).	
	
1.3. Hox	genes	and	Neural	Crest	Cells	
Hox	gene	expression	does	not	affect	only	the	patterning	of	the	rhombomeric	regions	
and	 respective	 cranial	 nerves,	 but	 influences	 also	 the	 positional	 identity	 and	 the	
differentiation	potential	of	neural	crest	cells	(NCCs).	
The	 neural	 crest	 cells	 represent	 a	 transient	 migratory	 cell	 population	 specific	 to	
craniates	 and	 originating	 from	 the	 dorsal	 part	 of	 the	 developing	 neural	 tube.	 The	
ontogenesis	 of	 this	 cellular	 population	 requires	 a	 phase	 of	 induction,	which	 involves	 the	
counteracting	effects	of	several	signalling	pathways	(e.g.	BMP,	FGF,	Notch	and	Wnt).	Then,	
they	 undergo	 an	 epithelial‐to‐mesenchymal	 transition,	 delaminate	 and	 acquire	migratory	
properties	to	reach	their	target	regions	where	they	eventually	differentiate	into	a	variety	of	
cell	types	such	as	neurons,	glia	and	melanocytes.	Unlike	trunk	NCCs,	cranial	cells	show	the	
unique	capability	to	differentiate	into	mesenchymal	derivatives	such	as	cartilage,	bone	and	
connective	 tissue,	 substantially	contributing	 to	 the	craniofacial	and	pharyngeal	structures	
that	 make	 up	 the	 vertebrate	 head	 (Gammill	 and	 Bronner‐Fraser,	 2003;	 Le	 Douarin	 and	
Kalcheim,	1999;	Morales	et	al.,	2005;	Steventon	et	al.,	2005)	(Figure	1.7).		
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Figure	1.7.	Sox	 transcription	 factors	and	cell	 fate	potentials.	Sox10	activity	plays	and	
important	 role	 in	 neural	 and	melanocyte	 cell	 differentiation.	 Sox9	 is	 required	 to	 proper	
differentiation	of	mesenchymal	lineage	(from	Sauka‐Spengler	and	Bronner‐Fraser,	2008).		
NCC	differentiation	is	established	through	the	instructive	role	of	signalling	molecules	
and	transcription	factors	whose	actions	are	spatially	and	temporally	coordinated	(reviewed	
in	 Sauka‐Spengler	 and	 Bronner‐Fraser,	 2008).	 In	 particular,	 TGFβ	 signalling	 has	 been	
shown	 to	 promote	 mesenchymal	 lineage	 acquisition	 at	 the	 expenses	 of	 melanocyte	 and	
neural	lineages,	through	Sox10	repression	in	pre‐migratory	NCCs	and	activation	of	the	early	
osteochondrocytic	 lineage	 marker	 Sox9,	 as	 well	 as	 Runx2	 and	 osterix	 (John	 et	 al.,	 2011;	
Sahar	et	al.,	2005).	Sustained	expression	of	Sox9	in	pre‐migratory	NCCs	controls	directly	the	
expression	of	collagen	type	II	1	(Col21),	a	cartilage‐specific	gene	(Lefebvre	et	al.,	1997).	
Heterozygous	 loss	 of	 Sox9	 function	 results	 in	 Campomelic	 Dysplasia,	 a	 lethal	 human	
disorder	 characterized	 by	 severe	 skeletal	 malformations	 and	 several	 craniofacial	 defects	
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(Spokony	et	al.,	2002).		In	contrast,	the	neuronal	and	the	melanocyte	lineages	require	Sox10	
activity	(Potterf	et	al.,	2001;	Kim	et	al.,	2003;	Stolt	et	al.,	2002;	Lee	et	al.,	2004).		
Mesenchymal/skeletogenic	 neural	 crest	 cells	 exhibit	 different	 potentials	 according	
to	 their	 rostro‐caudal	 origin	 along	 the	 neural	 tube.	 Rostral	 cranial	 NCCs	 give	 rise	 to	 the	
frontonasal  skeleton	 and	make	 important	 contributions	 to	 the	membranous	bones	of	 the	
skull,	whereas	more	posterior	cranial	NCCs	fill	the	pharyngeal	arches,	where	they	form	the	
cartilages	 and	 bones	 of	 the	 jaw,	 middle	 ear	 and	 neck	 (Couly	 et	 al.,	 1993;	 Köntges	 and	
Lumsden,	1996;	Noden,	1983)	(for	reviews,	see	Gross	and	Hanken,	2008;	McBratney‐Owen	
et	 al.,	 2008;	 Santagati	 and	 Rijli,	 2003).	 From	 their	 origin	 in	 the	 neural	 tube	 to	 their	
destination	 into	 the	 craniofacial	 and	pharyngeal	 regions,	 cranial	NCCs	 follow	specific	 and	
stereotyped	pathways	of	migration	that	are	highly	conserved	amongst	vertebrate	species.	
NCCs	 originating	 from	 the	 diencephalon	 and	 anterior	 mesencephalon	 migrate	 into	 the	
frontonasal	 process	 (FNP),	whereas	NCCs	 coming	 from	 the	posterior	mesencephalon	 and	
the	hindbrain	colonize	the	pharyngeal	arches	(PAs).	NCCs	colonizing	PAs	migrate	into	three	
segmentally	restricted	streams:	NCCs	from	the	posterior	mesencephalon,	r1	and	r2	fill	the	
first	 arch	 (PA1),	 which	 will	 give	 rise	 to	 the	 maxillary	 (Mx)	 and	 the	 mandibular	 (Md)	
processes,	NCCs	 from	 r4	 fill	 the	 second	 (hyoid)	 arch	 (PA2)	 and	NCCs	 from	 r6,	 r7	 and	 r8	
colonize	the	third	and	the	fourth	pharyngeal	arches	(PA3	and	PA4)	(Birgbauer	et	al.,	1995;	
Kulesa	and	Fraser,	2000;	Lumsden	et	al.,	1991;	Sechrist	et	al.,	1993;	Serbedzija	et	al.,	1992).	
Few	 cells	 originating	 from	 odd‐numbered	 rhombomeres	 migrate	 both	 rostrally	 and	
caudally,	joining	the	adjacent	even‐numbered	rhombomeric	streams	(Lumsden	et	al.,	1991;	
Sechrist	et	al.,	1993).	
	
Molecularly,	 the	 transcriptional	 identity	 of	 NCCs	 is	 different	 from	 their	 antero‐
posterior	 origin.	 Forebrain	 NCCs	 colonizing	 the	 frontonasal	 region	 and	 midbrain	 NCCs	
colonizing	the	maxillary	process	of	PA1	express	the	homeodomain	transcription	factor	Otx2	
(Kuratani	 et	 al.,	 1997).	 Accordingly,	 Otx2	 haplo‐insufficiency	 mainly	 affects	 the	
development	of	frontonasal	and	maxillary	elements	with	no	structural	anomalies	observed	
in	rhombencephalic	NCC	derived	structures	(Matsuo	et	al.,	1995).	At	hindbrain	level,	the	AP	
positional	 identity	 of	 the	 NCCs	 is	 established	 by	 the	 same	 molecular	 mechanisms	
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controlling	 segmentation	 and	 AP	 patterning	 of	 the	 rhombomeres	 from	 which	 they	
delaminate;	namely,	by	the	nested	and	combinatorial	expression	of	Hox	genes	(Lumsden	et	
al.,	1996).	This	Hox	transcriptional	code	is	transposed	to	the	NCCs	while	they	migrate	out	
from	 the	 hindbrain,	 thus	 providing	 them	 an	 early	 AP	 molecular	 regionalisation	 and	
patterning	information	(Hunt	et	al.,	1991).	However,	the	Hox	code	of	the	neural	tube	is	not	
strictly	 reproduced	 in	 the	 migrating	 NCCs	 (Hunt	 et	 al.,	 1991).	 For	 example,	 Hoxa2	
expression	 in	 the	 neural	 tube	 has	 its	 anterior	 limit	 at	 the	 r1/r2	 boundary,	 but	 the	NCCs	
arising	 from	 r2	 and	 migrating	 into	 the	 first	 arch	 are	 devoid	 of	 Hox	 gene	 expression	
(Krumlauf,	 et	 al.,	 1993;	Prince	et	 al.,	 1994).	As	Hoxa2	 is	 the	most	anterior	 expressed	Hox	
gene,	 its	 absence	 in	 r2	 derived	 NCCs	 leads	 to	 an	 important	 molecular	 difference	 among	
cranial	NCCs.	 Indeed,	NCCs	contributing	 to	 the	FNP	and	 the	 first	arch	do	not	express	Hox	
genes,	whereas	NCCs	contributing	to	the	second	and	more	posterior	arches	express	various	
combinations	of	Hox	genes,	thus	providing	each	arch	with	distinct	regional	identities	along	
the	AP	axis.	
	 The	 importance	 of	 Hox	 genes	 in	 determining	 the	 AP	 identity	 of	 the	 pharyngeal	
arches	 first	 became	 evident	 with	 the	 targeted	mutagenesis	 of	Hoxa2	 in	 the	mouse.	 As	 a	
result	of	Hoxa2	 inactivation,	 the	 skeletal	 elements	originating	 from	 the	 second	arch	were	
homeotically	 transformed	 into	a	duplicated	 set	of	Md‐like	 elements	with	 reverse	polarity	
(Gendron‐Maguire	 et	 al.,	 1993;	 Rijli	 et	 al.,	 1993).	 A	 similar	 outcome	 has	 been	 described	
following	the	inactivation	of	Hoxa2	in	Xenopus	(Baltzinger	et	al.,	2005)	and	of	Hoxa2/Hoxb2	
in	zebrafish	(Hunter	and	Prince,	2002),	thus	underlying	a	conserved	role	for	paralog	group	
2	Hox	 (PG2)	 genes	 in	 establishing	 second	 arch	 identity.	 However,	 some	 differences	 exist	
among	vertebrate	species,	concerning	the	relative	 involvement	of	Hoxb2	 in	patterning	the	
second	arch	skeletal	elements.	Indeed,	whereas	zebrafish	Hoxa2	 interacts	genetically	with	
its	 paralog	 Hoxb2	 (Hunter	 and	 Prince,	 2002),	 this	 latter	 is	 dispensable	 in	 mouse	 and	
Xenopus	 (Baltzinger	 et	 al.,	 2005;	 Barrow	 and	 Capecchi,	 1996;	Davenne	 et	 al.,	 1999).	 This	
might	 be	 explained	 by	 the	 early	 downregulation	 of	Hoxb2	 expression	 in	 the	 mouse	 and	
Xenopus	 post‐migratory	NCCs	 (Hunt	 et	 al.,	 1991;	 Baltzinger	 et	 al.,	 2005),	which	 does	 not	
occur	 in	 zebrafish	 (Hunter	 and	 Prince,	 2002).	 However,	 despite	 these	 regulatory	
differences,	 the	 outcome	 of	 Hoxa2	 or	 Hoxa2/Hoxb2	 inactivation	 indicates	 that	 Hox	 PG2	
genes,	that	are	the	only	Hox	genes	expressed	in	the	second	pharyngeal	arch,	superimpose	a	
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second‐arch‐specific	mode	of	development	on	a	Hox‐negative	ground	(default)	patterning	
program,	shared	by	the	mandibular	process	of	the	first	arch	and	the	second	arch	(Rijli	et	al.,	
1993).	 Such	 a	 hypothesis	 has	 been	 confirmed	 by	 complementary	 gain‐of‐function	
experiments,	 where	 ectopic	 expression	 of	 Hoxa2	 in	 the	 first	 arch	 of	 chick	 and	 frog	
(Grammatopoulos	 et	 al.,	 2000;	 Pasqualetti	 et	 al.,	 2000)	 or	 of	 Hoxa2/Hoxb2	 in	 zebrafish	
(Hunter	 and	 Prince,	 2002)	 led	 to	 the	 development	 of	 second	 arch‐like	 structures	 in	 the	
place	 of	 Md	 derivatives.	 Hence,	 it	 appears	 that	 PG2	Hox	 genes	 act	 as	 selector	 genes	 for	
second	arch	development.	However,	their	inactivation	do	not	affect	arches	posterior	to	the	
second	(Baltzinger	et	al.,	2005;	Gendron‐Maguire	et	al.,	1993;	Hunter	and	Prince,	2002;	Rijli	
et	al.,	1993),	where	PG3	and	Hoxd4	genes	are	expressed	(Minoux	et	al.,	2009).	
	
	 It	 has	 been	 shown	 that	 deleting	 the	 entire	Hoxa	 cluster	 in	mouse	 NCCs,	 not	 only	
leads	to	the	second	arch	homeotic	transformation	induced	by	the	absence	of	Hoxa2	but	also	
results	 in	 partial	 homeotic	 transformation	 of	 third	 and	 fourth	 arch	 derivatives	 into	
morphologies	 characteristic	 of	Hox‐negative	Md‐derived	 structures	 (Minoux	 et	 al.,	 2009).	
Hence,	 it	 appears	 that	 all	 pharyngeal	 arches	 are	 patterned	 on	 the	 top	 of	 the	 same	Hox‐
negative	 ground	 (default)	 state,	 which	 corresponds	 to	 the	 genetic	 program	 of	 the	 NCCs	
colonizing	 the	mandibular	 process.	On	 this	 common	ground	patterning	program,	 the	Hox	
code	specifies	each	pharyngeal	arch	with	a	unique	AP	identity,	resulting	in	the	formation	of	
arch‐specific	skeletal	elements.	
	
Ectopic	expression	of	Hoxa2	in	Hox‐negative	NCCs,	not	only	induces	Md	into	PA2	homeotic	
transformation,	but	also	severely	impairs	jaws	and	craniofacial	development	(Creuzet	et	al.,	
2002);	a	phenotype	also	observed	by	ectopic	expression	of	Hoxa3	or	Hoxb4	in	chick	(Figure	
1.8).	These	experiments	indicate	that	Hox	genes	repression	in	PA1	and	more	anterior	NCCs	
is	an	essential	condition	for	proper	jaw	and	craniofacial	morphogenesis	(Couly	et	al.,	1998;	
Creuzet	et	al.,	2002).	The	elucidation	of	the	molecular	mechanism(s)	involved	in	Hox	gene	
cluster	 repression	 in	 the	 first	 arch	will	 be	of	 particular	 interest	 in	 the	 future	 and	will	 be	
crucial	for	understanding	jaw	development	and	evolution.	
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Figure	 1.8.	 Phenotypic	 effects	 of	 ectopic	 Hox	 gene	 expression	 in	 chick	 embryo.	
Overexpression	 of	 Hoxb4	 in	 NCCs	 leads	 to	 severe	 impairment	 of	 craniofacial	 structures	
(from	Creuzet	et	al,	2002).		
	
1.4. Epigenetic	control	of	the	collinear	expression	of	Hox	genes	
In	 respect	 to	 the	 collinear	 expression	 of	 homeotic	 genes	 in	Drosophlila,	 Welcome	
Bender	 and	 colleagues	 (Peifer	 et	 al.,	 1988),	 suggested	 the	 “open‐for‐business”	 model,	
speculating	 that	 each	 cell	 located	within	 a	 segment	 selects,	 early	 in	 development,	 which	
regulatory	elements	 are	 available	 for	 temporal	 and	 cell‐specific	 transcriptional	 control	 of	
each	gene	(Akam	et	al.,	1988).	 	Subsequently,	the	same	model	was	proposed	as	a	possible	
mechanism	 explaining	 the	 temporal	 and	 spatial	 collinear	Hoxd	 cluster	 expression	 during	
vertebrate	 limb	development	(Dollé	et	al.,	1989).	Nowadays,	 the	term	“open‐for‐business”	
has	 been	 replaced	 by	 “open	 chromatin”	 (Kmita	 and	 Duboule,	 2003),	 yet	 the	 underlying	
concept	 of	 locus‐related	 mechanisms	 implicated	 in	 the	 regulation	 of	Hox	 genes	 remains	
almost	unchanged	(Figure	1.9).	
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Figure	 1.9.	 Model	 of	 collinear	 transcriptional	 activation	 along	 a	 Hox	 cluster.	 	 (A)	
Nested	 expression	 of	 Hox	 genes	 in	 developing	 mouse	 trunk	 and	 limbs.	 (B)	 Progressive	
chromatin	 remodeling	 as	 possible	 mechanism	 explaining	 the	 differential	 availability	 for	
transcription	within	the	Hox	clusters	(from	Kmita	and	Duboule,	2003).	
	
In	 the	 nucleus,	 DNA	 is	 associated	 with	 histonic	 and	 non‐histonic	 proteins,	 which	
confer	 structural,	 spatial	 and	 regulatory	 organization	 to	 the	 resulting	 polymer	 called	
chromatin.	 Local	 properties	 of	 the	 chromatin	 like	 compaction,	 folding,	 histone	 variants,	
post‐translational	modification	and	positioning	interfere	with	the	transcription	factor	(TF)	
accessibility	 to	 the	 cognate	 responsive	 elements	 located	 within	 regulatory	 regions.	
Consequently,	chromatin	organization	modulates	the	ability	of	TF	to	regulate	target	genes	
(Spitz	and	Furlong,	2012).	
In	mouse,	 the	 observation	 that	 the	 RA‐responding	Hoxb1‐lacZ	 transgene	 faithfully	
mimicking	 the	 endogenous	 gene	 (Marshall	 et	 al.,	 1994)	 did	 not	 exhibit	 the	 sensitivity	 of	
Hoxb1	 to	 precocious	 activation	 after	 exogenous	 RA	 treatment,	 lead	 to	 the	 idea	 that	 the	
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polarity,	in	initial	activation	of	Hoxb	genes,	reflects	a	greater	availability	of	3′Hox	genes	for	
transcription,	 suggesting	 a	 pre‐existing	 (susceptibility	 to)	 opening	 of	 the	 chromatin	
structure	at	the	3′	extremity	of	the	cluster	(Roelen	et	al.,	2002).	Recently,	with	the	advent	of	
genomic‐scale	techniques	allowing	the	 investigation	of	chromatin	state	on	multiple	 loci	 in	
parallel,	 accumulating	 evidences	 are	 shedding	 light	 on	 the	 role	 of	 multiple	 epigenetic	
complexes	 in	 the	 regulation	 of	 Hox	 cluster	 expression	 during	 temporal	 and	 spatial	
collinearity	in	vivo	(Bantignies	et	al.,	2011;	Soshnikova	and	Duboule,	2009).	
																							 	
Figure	 1.10.	 Expression	 of	 homeotic	 genes	 in	 Drosophila	 embryo	 and	 effect	 of	
Polycomb	mutation.		Normal	antero‐posterior	distribution	of	homeotic	gene	expression	is	
perturbed	in	Polycomb	mutant	embryos.	Anterior	derepression	of	AbdB	gene	is	depicted	in	
the	 figure	 (from	 Sparmann	 and	 van	 Lohuizen,	 2006;	 original	 image	 from	 Moazed	 and	
O’Farrel,	1992).	
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What	 are	 the	 evidences	 indicating	 an	 involvement	 of	 epigenetic	 factors	 in	 the	
regulation	 of	Hox	 collinearity	 in	 vivo?	 In	Drosophila,	 a	 two‐step	 process	 achieves	 spatial	
restriction	 of	 homeotic	 genes.	 During	 the	 first	 step	 (initiation),	 transcription	 factors	
regulate	the	transcriptional	state	of	homeotic	gene	in	sets	of	embryonic	primordial.	In	the	
second	 (maintenance),	 molecular	 mechanisms	 ensure,	 over	 cell	 generations,	 the	
conservation	of	the	silent/active	state	even	in	the	absence	of	the	factors	that	promoted	the	
initiation	 (Müller	 et	 al.,	 1995).	 Genetic	 approaches	 identified,	 in	 Drosophila,	 a	 group	 of	
negative	regulators,	the	Polycomb	group	(PcG)	proteins	(Lewis,	1978;	Struhl,	1981;	Jürgens,	
1985),	which	are	essential	for	maintaining	spatial	restrictions	of	homeotic	gene	expression	
(Moazed	 and	 O’Farrel,	 1992)	 (Figure	 1.10).	 On	 the	 other	 hand,	 Trithorax	 group	 (TrxG)	
proteins	 function	 as	 active	 regulators	 and	 are	 required	 to	 maintain	 correct	 level	 of	
Antennapedia	and	Bithorax	complex	expression	(Ingham,	1985).	PcG	and	TrxG,	as	part	of	
the	regulatory	mechanisms	maintaining	the	transcriptional	memory	of	the	cell,	contribute	
to	 the	 regulation	 of	 a	 myriad	 of	 target	 genes	 through	 post‐translational	 histone	
modification	 and,	ultimately,	 by	modifying	 chromatin	 state	 (Schuettengruber	 et	 al.,	 2009;	
Schwartz	et	al.,	2006).	
TrxG	proteins	act	 in	 the	context	of	heterogenous	multimeric	complexes,	which	can	
be	 divided	 into	 three	 classes,	 based	 on	 their	 molecular	 function:	 histone	
methyltransferases,	 ATP‐dependent	 chromatin	 remodelers	 and	 other	 histone	 modifiers	
(Schuettengruber	et	 al.,	 2011).	Of	particular	 interest,	 the	 first	 class	 includes	SET	domain‐
containing	factors	that	can	trimethylate	Lysine	4	of	histone	H3	(H3K4me3)	a	hallmark	for	
gene	activation.	 In	mammals,	MLL1	and	MLL2,	 two	HMTs	homologous	 to	Trithorax,	exert	
their	 function	within	COMPASS‐like	 complexes	 and	 interact,	 via	 their	N‐terminal	 domain,	
with	the	tumor	suppressor	Menin.	Loss	of	Menin	leaves	little	H3K4	methylation	at	Hox	loci	
and	 almost	 no	 transcription	 of	 Hox	 genes	 suggesting	 its	 crucial	 role	 in	 the	 targeting	
MLL1/MLL2‐containing	COMPASS‐like	complexes	to	the	Hox	clusters	(reviewed	in	Smith	et	
al.,	2011).	Promoters	enriched	in	H3K4me3	would	then	stimulate	the	pre‐initiation	complex	
(PIC)	 assembly	 by	 recruiting	 the	 plant	 homeodomain	 finger	 (PHD)	 of	 the	 transcription	
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factor	IID	(TFIID),	resulting	in	the	transcriptional	activation	of	targeted	genes	(Lauberth	et	
al.,	2013).		
As	 TrxG	 complexes,	 Polycomb	 proteins	 act	 within	 multimeric	 complexes	 named	
Polycomb	 repressive	 complex	 (PRC)	 1	 and	 2.	 PRC2	 core	 complex	 contains	 four	 core	
subunits:	 EED,	 SUZ12,	 RbAp	 48/46	 and	 Ezh2/1,	 the	 SET	 domain‐containing	 HMTs	 that	
trimethylate	Lysine	27	of	histone	H3	(H3K27me3).	H3K27me3	is	a	hallmark	associated	to	
transcriptional	 repression.	 Although	 it	 is	 still	 unclear	 whether	 this	 epigenetic	 mark	
represents	 the	 cause	 or	 a	 consequence	 of	 the	 repressive	 state,	 there	 are	 some	 evidences	
that	indicate	multiple	roles	played	by	H3K27me3	in	the	transcriptional	silencing.	In	fact,	its	
enrichment	at	promoters	would	impair	Pol	II	recruitment/elongation	at	target	genes	(Chen	
et	 al.,	 2012;	 Chopra	 et	 al.,	 2011).	 Primarily,	 H3K27me3	 acts	 as	 scaffold	 for	 PRC1	
recruitment,	 which,	 in	 turn,	 ubiquitynates	 Lysine	 119	 of	 histone	 H2A	 and	 leads	 to	
chromatin	compaction	(Francis	et	al.,	2004;	Wang	et	al.,	2004)	(Figure	1.11).		
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Figure	1.11.	Canonical	recruitment	of	 the	PRC1	complex	via	PRC2‐mediated	H3K27	
methylation.	 PRC2	 complex	 is	 recruited	 to	 chromatin,	 the	 histone	 methyltransferase	
EZH1/2	 catalyzes	 the	 trimethylation	 of	 the	 lysine	 27	 of	 histone	 H3	 (H3K27me3).	
Subsequent	recruitment	of	the	PRC1	complex	occurs	in	part	through	affinity	binding	of	the	
chromodomain	of	 the	CBX	subunit	 to	 the	H3K27me3	covalent	mark.	The	PRC1	RING1	E3	
ligase	 then	 monoubiquitylates	 the	 lysine	 119	 of	 histone	 H2A	 (H2AK119ub1	 (from	
Sauvageau	and	Sauvageau.,	2010).	
	
Inside	 the	nucleus,	 PcG	proteins	 are	not	homogenously	 distributed,	 but	 are	 rather	
localized	 in	discrete	 foci	called	Polycomb	bodies	 (Saurin	et	al.,	1998;	Dietzel	et	al.,	1999).	
During	 the	 last	 years,	 new	 effort	 has	 been	 put	 to	 address	 the	 functional	 role	 of	 these	
subnuclear	 compartments	 as	 well	 as	 to	 investigate	 their	 distribution,	 composition	 and	
dynamics	 (Cheutin	 and	 Cavalli,	 2012).	 Furthermore,	 other	 PRC1	 complexes	 have	 been	
recently	 identified,	 which	 exhibit	 H3K27me3‐independent	 mechanisms	 of	 chromatin	
targeting	(Gao	et	al.,	2012;	Morey	et	al.,	2013;	Tavares	et	al.,	2012).	A	third	complex	named	
PhoRC	has	been	characterized	in	Drosophila	(homologous	to	YY1	in	mammals),	which	show	
the	 ability	 to	 bind	 methylated	 histones	 and	 also	 DNA	 in	 a	 sequence‐specific	 manner	
(Sparmann	and	van	Lohuizen,	2006).	
In	Drosophila,	Trithorax‐	and	Polycomb‐group	complexes	bind	DNA	sequences	called	
TrxG	 response	 elements	 (TREs)	 and	 Polycomb	 response	 elements	 (PREs)	 respectively.	
These	elements	contain	overlapping	groups	of	binding	motifs	for	transcription	factors	like	
Daf1,	 Gaf	 and	 Zeste,	 which	 are	 able	 to	 address	 PcGs	 and	 TrxGs	 to	 the	 target	 genomic	
sequences	 and	perpetuate	 the	 transcriptional	 state	of	 controlled	 loci	 (Ringrose	 and	Paro,	
2007).	In	2011,	Giacomo	Cavalli	and	colleagues	(Bantignies	et	al.,	2011)	demonstrated	that	
Antennapedia	 and	 Bithorax	 complexes,	 located	 on	 the	 same	 chromosome	 arm	 and	
separated	by	 10	Mb	of	DNA,	 colocalize	within	Polycomb	bodies	 in	 tissue	where	 they	 are	
corepressed	 (embryonic	 head).	 Furthermore,	 this	 configuration	 is	 still	 maintained	 in	
posterior	tissues	where	homeotic	genes	are	active,	but	in	this	case,	the	active	gene	escapes	
from	 this	 restriction	 and	 localize	 outside	 the	 PcG	 body.	 Importantly,	 this	 colocalization	
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depends	on	the	 integrity	of	PRE	elements	 located	within	 the	BX‐C	cluster	and	also	on	 the	
PcG	 proteins	 that	 mediate	 long‐range	 interaction	 between	 PRE	 elements	 and	 repressed	
promoters	(Figure	1.12).		
	
	
Figure	1.12.	Homeotic	complex	“kissing”	 in	Drosophila	 tissues.	 	 In	 the	anterior	 tissue	
Abd‐B	and	Antp	colocalize	within	the	same	PcG	body.	In	posterior	tissue	Abd‐B	is	active	and	
gets	relocated	outside	the	PcG	body	(from	Bantignies	et	al.,	2011).	
	
	What	is	the	configuration	of	Hox	cluster	in	vertebrates?	As	body	plan	complexity	has	
increased	during	evolution,	PcG	and	TrxG	complexes	have	been	co‐opted	and	integrated	in	
different	hierarchies	in	order	to	regulate	in	space	and	time	new	cell‐specific	gene	functions.	
Despite	 their	 conserved	 functions,	 the	mechanisms	 adopted	 for	 the	 recruitment	 of	 these	
epigenetic	 complexes	 to	 their	 target	 sites	 have	 diverged	 between	 flies	 and	mammals.	 To	
date,	 no	TRE	 sequences	 have	 been	 identified	 in	mammals,	 and	only	 few	PREs	 have	 been	
characterized	 in	mouse	(Mishra	et	al.	2007;	Sing	et	al.,	2009;	Woo	et	al.,	2010;	Woo	et	al.,	
2013).	 Although,	 this	 situation	 might	 be	 interpreted	 as	 result	 of	 an	 incomplete	
characterization	of	 PRE/TRE	 elements	 in	higher	 vertebrates,	 some	 evidences	 suggest	 the	
adoption	of	different	strategies	to	localize	PcG	and	TrxG	complexes	to	their	target	loci.	For	
example,	 long	 non‐coding	 RNAs	 (lncRNAs)	 such	 as	 HOTAIR	 and	 HOTTIP	 have	 been	
implicated	in	the	regulation	of	target	Hox	genes	through	the	interaction	with	PRC2	and	MLL	
respectively	(Rinn	et	al.,	2007;	Wang	et	al.,	2011).		
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Because	of	the	divergent	epigenetic	mechanisms	that	address	PcG	and	TrxG	proteins	
to	 their	 target	 genes	 and	 the	 different	 nature	 of	 spatial	 collinearity	 between	 flies	 and	
vertebrates,	 it	 is	difficult	to	predict	the	outcome	of	the	Hox	cluster	configuration	in	higher	
animals.	Denis	Duboule	and	colleagues	(Noordermeer	et	al.,	2011;	Soshnikova	and	Duboule,	
2009)	revisited	the	idea	of	open	and	closed	chromatin	in	terms	of	PcG‐	and	TrxG‐mediated	
epigenetic	 modifications	 during	 temporal	 and	 spatial	 collinear	 activation	 of	 the	 Hox	
clusters.	 The	 results	 of	 their	 research	 lead	 to	 the	 observation	 that	 transcriptionally	
repressed	 genes	 colocalize	 within	 an	 inactive	 compartment	 matching	 the	 presence	 of	
H3K27me3.	Moreover,	during	collinear	activation,	the	Hox	genes	located	in	3’	position	get	
relocated	to	an	active	compartment	marked	with	H3K4me3	(Figure	1.13),	in	keeping	with	
the	idea	of	a	progressive	3’	to	5’	transcriptional	competence	of	the	clusters.	
	
Figure	 1.13.	 Active	 and	 repressive	 Hox	 cluster	 compartments	 in	 mouse	 embryo.		
Sequential	 activation	 of	 Hox	 genes	 along	 the	 rostro‐caudal	 axis	 in	 the	 mouse	 leads	 to	
relocalization	 from	 a	 repressive	 compartment	 (red)	 to	 an	 active	 one	 (blue)	 (from	
Noordermeer	et	al.,	2011).	
	
Taken	 together,	 these	 results	 indicate	 the	 presence	 of	 evolutionary	 conserved	
epigenetic	mechanisms	that	are	responsible	for	the	regulation	of	the	collinear	expression	of	
Hox	 genes.	 These	 mechanisms	 go	 beyond	 the	 general	 idea	 of	 transcriptional	 regulation	
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based	on	transcription	factor	availability/cis‐regulatory	element	responsiveness,	and	imply	
the	usage	of	higher	order	3D‐	chromatin	organization	modules	called	compartments.	
	
1.5. Rationale	of	the	work	
Retinoic	 acid	 (RA)	 plays	 important	 roles	 during	 embryonic	 development,	 regulating	 key	
cellular	processes	such	as	migration,	proliferation	and	differentiation.	Furthermore,	one	of	
its	well‐known	functions	is	to	regulate	the	expression	of	Hox	genes	in	the	neuroepithelium,	
which,	in	turn,	are	responsible	for	the	segmental	identity	of	rhombomeric	territories	at	the	
level	 of	 the	 developing	 hindbrain.	 RA	 acts	 as	 a	 morphogen	 during	 gastrulation.	 The	 RA	
morphogenetic	 gradient	 is	 established	 through	 the	 complementary	 distribution	 of	
synthesizing	 and	 degrading	 enzymes	 along	 the	 rostro‐caudal	 axis	 of	 the	 embryo.	 In	
particular,	Raldh2	 is	 the	earliest	synthesizing	enzyme	to	be	expressed	 in	somitic	and	pre‐
somitic	mesoderm.	Moreover,	it	is	solely	responsible	for	embryonic	RA	synthesis	until	E8.5.	
Although	 several	 studies	 addressed	 it	 function	 during	 early	 embryonic	 development,	 the	
molecular	mechanisms	responsible	for	its	expression	are	still	unknown.	In	the	first	part	of	
this	work	we	address	 the	 transcriptional	network	 responsible	 for	Raldh2	maintenance	 in	
the	 early	 developing	 embryo.	 Our	 findings,	 reported	 in	 the	 Chapter	 2	 of	 the	 present	
manuscript,	demonstrate	how	retinoic	signalling	pathway	could	have	been	evolutionary	co‐
opted	for	vertebrate	patterning	and	integrated	into	the	Hox	positional	system.	The	result	of	
this	research	led	to	the	discovery	of	a	retinoic	acid‐mediated	feedforward	regulatory	loop	
that	puts	in	register	the	spatial	collinear	expression	of	Hox	genes	in	the	paraxial	mesoderm	
with	their	expression	in	the	neural	tube	(Vitobello	et	al.,	2011).		
Furthermore,	 several	 lines	 of	 evidence	 indicate	 that	 if	 on	 the	 one	 hand,	 the	
expression	 of	 Hox	 genes	 is	 crucial	 for	 the	 proper	 development	 of	 the	 rhombencephalic	
region,	 on	 the	 other	 hand	 their	 repression	 in	 the	 most	 anterior	 part	 of	 the	 embryo	
represents	a	prerequisite	that	allowed	the	evolution	of	an	increasingly	complex	craniofacial	
architecture	in	the	vertebrate	lineage.		In	fact,	most	of	the	bones	and	cartilages	that	make‐
up	 the	 vertebrate	 face	 originate	 from	 Hox‐negative	 cranial	 neural	 crest	 cells	 (cNCCs),	 a	
transient	 cell	 population	 originating	 from	 the	 dorsal	 part	 of	 the	 developing	 neural	 tube.	
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These	 cells	 undergo	 epithelial‐to‐mesenchymal	 transition	 and	 migrate	 in	 order	 to	 reach	
their	 target	 regions	 where	 they	 proliferate	 and	 differentiate	 into	 a	 variety	 of	 cell	 types.	
Experiments	performed	in	the	avian	embryo	demonstrated	that	the	ectopic	expression	on	
Hox	genes	in	this	region	leads	to	a	severe	impairment	of	craniofacial	development.	To	date,	
the	mechanisms	responsible	for	the	maintenance	of	the	repressive	state	of	Hox	genes	in	the	
anterior	part	of	the	embryo	remain	elusive.	Recent	studies	revisit	the	transcriptional	state	
of	 Hox	 genes	 in	 terms	 of	 permissive	 and	 repressive	 chromatin	 domains,	 suggesting	 a	
possible	role	of	epigenetic	factors	in	the	regulation	of	their	expression.	In	the	second	part	of	
the	 present	 manuscript	 we	 start	 to	 address	 the	 functional	 role	 of	 Ezh2,	 the	 catalytic	
component	of	the	Polycomb	repressive	complex	2,	during	mouse	craniofacial	development.	
Our	 results,	 reported	 in	 this	 manuscript	 (Chapter	 3),	 provide	 with	 new	 insight	 into	 the	
understanding	 of	 the	 spatial	 collinearity	 in	 vertebrates,	 the	 phenomenon	 that	 links	 the	
distribution	 of	 Hox	 gene	 expression	 along	 the	 rostro‐caudal	 embryonic	 axis	 with	 their	
relative	 position	within	 the	 clusters.	 Moreover,	 taking	 advantage	 from	 genetic	 tools	 that	
allowed	us	to	 isolate	different	rostro‐caudal	populations	of	Hox‐negative	and	Hox‐positive	
cranial	 neural	 crest	 cells	 (cNCCs)	 we	 investigate	 the	 role	 of	 Ezh2	 in	 the	 cell	 fate	
maintenance.	
Finally,	 the	 present	 manuscript	 encompasses	 also	 two	 further	 research	 articles,	
result	of	the	collaboration	within	the	Prof.	Rijli’s	group	(reported	in	Chapter	4)	and	with	the	
Prof.	Chiquet‐Ehrismann’s	group	at	the	FMI	(reported	in	Chapter	5).	
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Chapter	2:	Research	Article	
2.1. “Hox	 and	 Pbx	 Factors	 Control	 Retinoic	 Acid	 Synthesis	 during	
Hindbrain	Segmentation”	
	
	
During	 the	 evolution,	 the	 transcriptional	 events	 that	 lead	 to	 the	 initiation	 of	 Hox	
gene	expression	in	the	vertebrate	hindbrain	became	under	the	control	of	Retinoic	acid	(RA),	
a	lipophilic	molecule	able	to	regulate	pleiotropic	processes	during	embryonic	development.	
Produced	in	the	paraxial	mesoderm	through	the	activity	of	Raldh2,	RA	acts	as	a	morphogen	
and	regulates	the	transcriptional	landscapes	of	target	tissues	by	modulating	the	activity	of	
responsive	genes.	However,	 the	molecular	 events	 leading	 to	proper	 expression	of	Raldh2	
during	 embryonic	 development	 are	 still	 elusive.	 Starting	 from	 the	 observation	 that	
Pbx1/Pbx2	 mutant	 mice	 exhibit	 most	 of	 the	 developmental	 defects	 caused	 by	 Raldh2	
knockout	animals	we	explored	the	hypothesis	that	Pbx	and	their	partners	Hox	transcription	
factors	could	be	part	of	 the	 transcriptional	network	ensuring	appropriate	RA	signaling	 to	
the	 developing	 hindbrain.	 In	 this	 paper	 we	 identified	 a	 feed‐forward	 mechanism	 that	
explains	 how	 retinoic	 signaling	 pathway	 could	 have	 been	 evolutionary	 co‐opted	 for	
vertebrate	patterning	and	integrated	into	the	Hox	positional	system.	
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Chapter	3:	Manuscript	in	preparation	
3.1 “Ezh2	maintains	the	Mesenchymal	Potential	and	Positional	Identity	of	
Cranial	Neural	Crest	Cells	during	Mouse	Craniofacial	Development”		
	
	
A	 fundamental	question	during	normal	 embryonic	development	 is	how	 the	 temporal	 and	
spatial	 collinear	 expression	 of	Hox	 genes	 is	 achieved.	 Previous	 evidences	 pointed	 at	 the	
evolutionary	significance	to	maintain	Hox	genes	repressed	in	the	rostral	part	of	the	embryo,	
which	in	turn	allows	normal	development	of	vertebrate	craniofacial	skeleton	and	anterior	
brain.	 Recent	 discoveries	 shed	 light	 on	 the	 role	 of	 epigenetic	 complexes	 as	 key	 factors	
implicated	 in	 the	 remodeling	 and	 in	 the	 maintenance	 of	 the	 active	 and	 repressive	
transcriptional	states	of	the	chromatin,	including	at	Hox	clusters.	Taking	advantage	from	the	
cranial	 neural	 crest	 cell	 (cNCC)	 system,	 this	 unpublished	 work	 starts	 addressing	 the	
involvement	of	Ezh2,	the	catalytic	component	of	the	Polycomb	repressive	Complex	(PRC)	2	
which	trimethylates	lysine	27	of	histone	H3	(H3K27me3),	in	the	maintenance	of	Hox	gene	
repression	during	craniofacial	development.	This	study	is	still	under	progress	and	not	yet	
complete.	 However,	 it	 represents,	 to	 date,	 the	 advancement	 of	 our	 research.	 This	 draft	
contains	the	main	findings	and	preliminary	results.	
	
	
	
	
Author	contribution	statement:	
I	contributed	to	the	design	of	the	study	and	the	experiments.	I	contributed	to	the	collection	
of	the	biological	samples.	I	performed	the	ChIP	assays	and	prepared	the	libraries	for	next‐
generation	sequencing.	I	contributed	to	the	interpretation	of	the	results	and	to	the	writing	
of	the	draft,	as	well	as	to	the	preparation	of	the	figures.	
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3.2 Abstract	
	
Background:	A	remarkable	event	taking	place	during	vertebrate	embryonic	development	
is	 the	 temporal	 and	 spatial	 collinear	 activation	 of	 Hox	 genes.	 This	 process	 reflects	 the	
progressive	 propagation	 of	 permissive	 conditions	 that	 make	 available	 Hox	 genes	 for	
transcription	according	to	their	relative	genomic	positions	within	the	clusters,	from	3’	to	5’.	
Previous	 studies	 indicated	 that	 this	 transcriptional	 competence	 acquisition	 involves	 the	
sequential	relocation	of	each	single	Hox	transcriptional	unit	from	a	repressive	to	an	active	
chromatin	compartment,	which,	in	turn,	correlates	with	the	distribution	of	Polycomb‐	and	
Trithorax‐mediated	post‐translational	histone	modifications	respectively.	 In	this	study	we	
address	 the	 functional	 role	 of	 Ezh2,	 the	 catalytic	 component	 of	 the	 Polycomb	 repressive	
complex	 2	 (PRC2)	 in	 the	 regulation	 of	 Hox	 transcriptional	 states	 during	 craniofacial	
development	in	the	mouse.	Cranial	neural	crest	cells	(cNCCs)	are	pluripotent	cells	that	show	
the	unique	capability	to	differentiate	into	cartilages,	bones	and	connective	tissue.	Although	
originating	from	the	neural	epithelium,	these	cells	 lose	their	neural	potential	contributing	
substantially	 to	 the	 formation	of	 craniofacial	and	pharyngeal	 structures	 that	make	up	 the	
vertebrate	 head.	 This	 ability	 is	 interestingly	 dependent	 on	 the	maintenance	 of	 a	 rostro‐
caudal	 migratory	 segregation	 of	 Hox‐negative	 and	 Hox‐positive	 cNCC	 pools	 which	 is	
considered	 to	 be	 the	 prerequisite	 that	 allowed	 the	 evolution	 of	 an	 increasingly	 complex	
craniofacial	 architecture	 in	 the	 vertebrate	 lineage.	 Yet,	 the	 transcriptional	 mechanisms	
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responsible	 for	 the	 restriction	of	 the	differentiation	potential	 and	 the	maintenance	of	 the	
appropriate	Hox	code	in	cNCCs	remain	poorly	understood.			
Principal	 findings:	 By	 combining	 cell	 type‐specific	 epigenomic	 and	 transcriptomic	
profiling,	 we	 characterized	 the	molecular	 features	 of	 different	 rostro‐caudal	 cranial	 NCC	
subsets.	 Genome‐wide	 analysis	 revealed	 the	 presence	 of	 a	 common	 transcriptional	 and	
epigenetic	ground‐state	 from	which	each	cell	population	diverges	according	 to	 its	antero‐
posterior	pool	of	origin.	Furthermore,	we	uncovered	the	role	of	Ezh2	as	a	crucial	player	in	
the	maintenance	of	the	rostro‐caudal	identity.	Indeed,	PRC2	activity	is	indispensable	for	the	
maintenance	of	the	repressive	state	in	the	anterior	Hox‐negative	domain.	Moreover,	in	the	
Hox‐positive	 domain,	 after	 the	 initial	 collinear	 activation	 of	 the	 clusters	 in	 pre‐migratory	
cNCCs,	Ezh2	re‐establishes	new	repressive	states	in	migratory	and	post‐migratory	cells	 in	
order	 to	 gain	 appropriate	 cell‐specific	 Hox	 gene	 restrictions.	 Finally,	 our	 genome‐wide	
analysis	reveals	that	loss	of	Ezh2	activity	results	in	a	broad	de‐repression	of	the	neurogenic	
potential,	 at	 the	 expenses	 of	 the	 mesenchymal	 differentiation	 program,	 indicating	 its	
involvement	in	the	restriction	of	the	cellular	differentiation	program.		
Significance:	Taken	 together	 these	 results	unveil	 the	pleiotropic	 functions	of	Ezh2	 in	 the	
regulation	of	cellular	identity	during	mouse	craniofacial	development	by:	i)	maintaining	the	
repressive	 state	 of	Hox	 genes	 in	 the	 anterior	 part	 of	 the	 embryo;	 ii)	 re‐establishing	 new	
silent	domains	within	active	3’	Hox	 clusters;	 iii)	 restricting	the	differentiation	potential	of	
mesenchymal	NCCs.		
	
3.3 Introduction	
	
Morphogenesis	of	the	craniofacial	and	pharyngeal	regions	involves	the	neural	crest	
cells	 (NCCs),	 a	 vertebrate‐specific	 transient	 cell	 population	 originating	 from	 different	
rostro‐caudal	 compartments	 of	 the	 developing	 neural	 tube,	 which	 undergo	 epithelial‐to‐
mesenchymal	 transition	 and	 gain	 migratory	 properties	 in	 order	 to	 reach	 their	 target	
regions	where	they	proliferate	and	differentiate	into	a	variety	of	cell	types	such	as	neurons,	
glia,	melanocytes	and	smooth	muscle.	Moreover,	in	the	cranial	region,	NCCs	have	the	ability	
to	 differentiate	 into	 chondrocytes	 and	 osteoblasts,	 thus	 contributing	 to	 most	 of	 the	
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cartilages	and	bones	of	the	skull,	facial	and	pharyngeal	skeletons	(Santagati	and	Rijli,	2003;	
Minoux	and	Rijli,	2010).		
Specification	of	NCC	lineages	has	been	shown	to	involve	a	set	of	signalling	molecules	
and	 transcription	 factors	whose	 actions	 are	 spatially	 and	 temporally	 coordinated	 (Dupin	
and	 Sommer,	 2012).	 In	 parallel	 to	 the	 non‐cell	 autonomous	 instructions	 affecting	 their	
lineage	 specification,	 NCCs	 exhibit	 also	 intrinsic	 molecular	 determinants	 limiting	 their	
differentiation	 potential	 according	 to	 their	 rostro‐caudal	 distribution	 along	 the	 neuraxis.	
Indeed,	at	 the	 level	of	 the	rhombencephalon,	 the	positional	 identity	of	NCC	pre‐migratory	
progenitors	is	achieved	through	the	nested	and	combinatorial	expression	of	homeodomain	
(HD)	 transcription	 factors	 belonging	 to	 the	 Hox	 (homeobox)	 gene	 family.	 Hence,	 NCC	
subpopulations	 colonizing	 the	 different	 pharyngeal	 arches	 (PAs)	 express	 distinct	
combinations	of	Hox	genes,	providing	each	arch	with	a	distinct	AP	molecular	and	positional	
identity	 (Trainor	 and	Krumlauf,	 2001;	 Santagati	 and	Rijli,	 2003;	Minoux	 and	Rijli,	 2010).	
Paralog	group	2	(PG2)	Hox	genes	(Hoxa2	and	Hoxb2)	are	the	only	Hox	genes	expressed	in	
post‐migratory	second	PA	(PA2)	NCCs,	whereas	first	PA	(PA1)	and	more	anterior	NCCs	are	
Hox‐negative	(Couly	et	al.,	1998;	Minoux	et	al.,	2009).	In	vertebrates,	Hoxa2	inactivation	(or	
in	combination	with	Hoxb2	loss‐of‐funtion	in	zebrafish)	induces	homeotic	transformation	of	
PA2	 skeletal	 elements	 into	 a	 duplicated	 set	 of	 skeletal	 structures	 normally	 derived	 from	
PA1	mandibular	 process.	Hoxa2	 ectopic	 expression	 in	 the	 anterior	Hox‐negative	 domain	
induces	 the	 reverse	phenotype,	 i.e.	 the	homeotic	 transformation	of	 a	 subset	of	 PA1	NCCs	
into	 a	 PA2‐like	 identity	 (Baltzinger	 et	 al.,	 2005;	 Gendron‐Maguireet	 al.	 ,	 1993;	
Grammatopoulos	 et	 al.,	 2000;	 Hunter	 and	 Prince,	 2002;	 Minoux	 et	 al.,	 2013	 submitted;	
Pasqualetti	 et	 al.	 2000;	 Rijli	 et	 al.,	 1993;	 Santagati	 et	 al.,	 2005),	 indicating	 that	 PG2	Hox	
genes	promote	a	PA2‐like	modality	by	modifying	an	underlying	Hox‐free	ground	(default)	
patterning	program	shared	by	mandibular	and	PA2‐derived	skeletogenic	NCCs,	though	not	
by	more	 anterior	NCCs	 (Minoux	 et	 al.,	 2009;	Minoux	 and	Rijli,	 2010;	 {Rijli,	 1993).	 These	
observations	infer	the	presence	of	common	molecular	characteristics	shared	by	mandibular	
and	 PA2‐populating	 NCCs,	 compared	 to	 those	 colonizing	 maxillary	 and	 fronto‐nasal	
processes.		
In	addition,	ectopic	expression	of	Hoxa2	in	Hox‐negative	NCCs,	severely	impairs	jaw	
and	 craniofacial	 development	 (Creuzet	 et	 al,	 2002;	 Minoux	 et	 al.,	 2013	 submitted).	 This	
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latter	phenotype	 is	observed	also	 in	Hoxa3	 or	Hoxb4	overexpressing	 chick	embryos,	 thus	
indicating	 that,	 more	 broadly,	 Hox	 gene	 expression	 is	 incompatible	 with	 jaw	 and	
craniofacial	 development	 and	 that	 their	 repression	 in	 PA1	 and	more	 anterior	NCCs	 is	 an	
essential	 condition	 to	 achieve	 	 proper	 morphogenesis(Couly	 et	 al.,	 1998;	 Creuzet	 et	 al.,	
2002).	To	date,	the	molecular	mechanisms	involved	in	Hox	gene	repression	in	anterior	Hox‐
negative	NCC	remain	elusive.		
Recent	evidences	link	the	transcriptional	activity	of	Hox	genes	to	epigenetic	factors	
regulating	chromatin	organization	and	function	(Bantignies	et	al.,	2011;	Noordermeer	et	al.,	
2011;	 Soshnikova	 and	 Duboule,	 2009).	 Inside	 the	 nucleus,	 transcriptionally	 active	 and	
repressed	 genes	 are	 thought	 to	 be	 located	 in	 distinct	 higher	 order	 chromatin	
compartments,	 whose	 functions	 correlate	 to	 Trithorax‐	 and	 Polycomb‐mediated	 histone	
modifications,	respectively.	Furthermore,	previous	studies	indicated	that	Phc1	full	knockout	
mice	 (homologous	 to	 the	Drosophila	 polyhomeotic	 gene)	 exhibit	 altered	 antero‐posterior	
patterning	and	macroscopic	neural	crest	defects	(Takihara	et	al.,	1997).	
In	 the	 present	work,	we	 address	 the	 role	 of	 Ezh2,	 the	 catalytic	 component	 of	 the	
Polycomb	 repressive	 complex	 2	 (PRC2)	 which	 trimethylates	 Lysine	 27	 on	 histone	 H3	
(H3K27me3)	 (Margueron	 and	Reinberg,	 2011).	We	 used	 chromatin	 immunoprecipitation	
coupled	with	high	throughput	sequencing	(ChIP‐seq)	and	whole	transcriptome	sequencing	
(RNA‐seq)	 assays,	 to	 identify,	 at	 genome‐wide	 level,	 the	 epigenomic	 and	 transcriptomic	
features	 of	 distinct	 AP	 cranial	 subpopulations	 of	 control	 and	Ezh2‐mutant	 pre‐migratory	
NCCs.	We	show	that	mesenchymal	specification	and	positional	identity	in	cranial	NCCs	are	
epigenetically	maintained	during	early	development.	This	study	deciphers	the	role	of	PCR2	
during	head	and	pharyngeal	morphogenesis.	
	
3.4 Material	and	Methods	
	
Mouse	lines	and	embryonic	tissues	
Control	 reporter	 samples	 were	 dissected	 from	 E10.5	 embryos,	 obtained	 from	
ROSA26::RFPf/f	pregnant	mice	crossed	with	Wnt1::CRE+/‐	males.	Ezh2	mutant	samples	were	
dissected	from	E10.5	embryos,	obtained	from	ROSA26::RFPf/f,	Ezh2f/f	pregnant	mice	crossed	
with	 Wnt1::CRE+/‐;	 Ezh2f/+	 males.	 Our	 laboratory	 generated	 a	 conditional	 mouse	 line	
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overexpressing	 full‐length	 Hoxa2	 cDNA	 under	 the	 control	 of	 ROSA26	 locus	
(GT(ROSA)26SorTM(Hox2a)f/+).	 Hoxa5	 overexpressing	 fetuses	 were	 obtained	 by	 crossing	
GT(ROSA)26SorTM(Hoxa5)f/f	females	with	Wnt1::CRE+/‐	males.	
	
In	situ	hybridization	
In	situ	hybridization	was	performed	as	previously	described	(Santagati	et	al.,	2005).	
	
Sample	preparation	for	next‐generation	sequencing	
For	RNA‐seq	experiments	branchial	arches	were	dissociated	(trypsin	0.5%/EDTA	at	37	°C	
for	10	minutes),	rinsed	(DMEM,	10%	FBS),	 filtered	and	FACS‐sorted.	After	sorting,	50,000	
cells	 were	 pelleted	 by	 centrifugation	 for	 5	 minutes,	 1000rpm	 at	 4°C.	 PicoPure®	 Kit	
(KIT0204	Life	Technologies)	was	used	for	RNA	Isolation.	
For	ChIP‐seq	experiments,	branchial	arches	were	dissociated	(trypsin	0.5%/EDTA	at	37	°C	
for	 10	 minutes),	 rinsed	 (DMEM,	 10%	 FBS),	 cross‐linked	 with	 1%	 formaldehyde	 for	 10	
minutes	at	room	temperature	and	quenched	with	125	mM	glycine	(Merck)	 for	5	minutes.	
Cells	 were	 pelleted	 by	 centrifugation	 for	 10	minutes,	 2000	 rpm	 at	 4°C	 and	 rinsed	 three	
times	in	ice‐cold	PBS	and	FACS‐sorted.	Cells	where	then	rinsed	in	in	ice‐cold	PBS	containing	
PIC	(Complete‐EDTA	free,	Roche)	and	20	mM	sodiumbutyrate,	pelleted	and	stored	at	‐80°C	
until	the	amount	of	500,000	cells	per	IP	was	achieved.		
	
Chromatin	immunoprecipitation	(ChIP)	
ChIP	 was	 performed	 as	 described	 previously	 (Dahl	 and	 Collas,	 2008)	 with	 some	
modifications.	 Briefly,	 cells	 were	 thawed	 in	 ice	 and	 immediately	 lysed	 at	 4°C	 by	 adding	
room‐temperature	 equilibrated	 lysis	 buffer	 containing	 50	 mM	 Tris‐HCl	 pH	 8.0,	 10	 mM	
EDTA,	1%	SDS	(Fluka),	PIC	(Complete‐EDTA	free,	Roche)	and	20mM	sodiumbutyrate.	The	
samples	were	then	snap‐frozen	in	liquid‐nitrogen	and	thawed	at	4°C	before	sonication.	The	
cell	lysate	was	sonicated	in	a	Diagenode	Bioruptor	to	achieve	a	mean	DNA	fragment	size	of	
250	bp.	After	clarification	by	centrifugation,	the	supernatants	were	diluted	with	RIPA	buffer	
and	incubated	with	anti‐H3K4me2	(Millipore),	anti‐H3K27me3	(Millipore,	07‐449)	or	anti	
H3K27ac	 (Millipore)	 coated	 protein	 A/G‐magnetic	 bead	 complexes	 (Dynabeads	 Protein	
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A/G,	 Invitrogen	100.02D/04D)	overnight	at	4	 °C.	Ca.	500,000	cells	were	used	 for	each	 IP.	
The	next	day,	the	beads	were	washed	four	times	with	RIPA	buffer	and	once	with	TE	buffer	
and	the	bead‐bound	complexes	incubated	with	complete	elution	buffer	(20	mM	Tris‐HCl	pH	
7.5,	5	mM	EDTA,	50	mM	NaCl,	1%	SDS,	50	mg/mL	proteinase	K)	at	68	°C	for	DNA	elution,	
cross‐link	 reversal	 and	 protein	 digestion.	 Finally,	 DNA	 from	 the	 immunoprecipitates	was	
recovered	 by	 phenol‐chloroform	 extraction	 and	 ethanol	 precipitation	 and	 processed	 for	
next	generation	sequencing.		
Libraries	were	generated	using	the	ChIP‐seq	DNA	sample	prep	kit	(Illumina,	IP‐102‐1001).	
For	 sequencing,	 a	 single	 band	 of	 immunoprecipitated	material	 was	 recovered	 from	 low‐
melting	agarose	gel,	corresponding	to	the	300	bp	size.	
Genomic	coordinates	
The	 mouse	 genome	 assembly	 (GRCm38/mm10)	 was	 used	 as	 a	 basis	 for	 analyses.	
Annotation	of	RefSeq	 transcripts	was	obtained	 from	 the	UCSC	database.	Genomic	 regions	
were	 defined	 as	 follows:	 promoter,	 sequences	 containing	 all	 bases	 within	 1,000	 bp	 of	 a	
RefSeq	TSS;	exon,	non‐promoter	sequences	that	overlap	with	exons	of	RefSeq	transcripts;	
and	 intron,	 non‐promoter	 and	 non‐exon	 sequences	 flanked	 by	 two	 exons	 of	 a	 single	
transcript.	All	other	sites	were	defined	as	intergenic.	A	set	of	non‐overlapping	TSS	regions	
(N	 =	 17,012,	 500	bp	upstream	and	200	bp	downstream	of	 the	TSS)	was	 generated	using	
RefSeq	TSSs.	
Read	filtering,	alignment	and	weighting	
Low‐complexity	 reads	were	 removed	 based	 on	 dinucleotide	 entropy	 (<1%	 of	 the	 reads).	
Reads	were	aligned	to	the	mouse	genome	using	Bowtie	(version	0.9.9.1)	with	parameters	‐v	
2	 ‐a	 ‐m	 100,	 which	 will	 find	 up	 to	 100	 best	 matches	 for	 each	 read	 with	 two	 or	 fewer	
mismatches.	To	track	reads	without	genomic	template	(for	example,	exon‐exon	junctions),	
reads	were	also	aligned	to	a	databases	containing	known	mouse	sequences,	tracking	all	best	
hits	 with	 no	 more	 than	 two	 mismatches.	 All	 quantifications	 were	 based	 on	 alignments	
weighted	by	the	inverse	of	the	number	of	query	hits,	ensuring	that	the	total	weight	of	a	read	
did	not	exceed	one.	
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Peak	finding	
Clusters	of	ChIP‐Seq	read	alignments	were	 identified	using	MACS	(version	1.3.7.1)	with	a	
pool	 of	 alignments	 from	 all	 biological	 replicates	 and	 cellular	 stages	 (weights	 rounded	 to	
integers)	 and	 parameters	 set	 as:	 mfold	 =	 8,	 gsize	 =	 2700000000	 and	 tsize	 =	 36.	
Immunoprecipitation	 enrichment	 of	 resulting	 peak	 candidates	 was	 calculated,	 and	 peak	
candidates	with	enrichments	less	than	twofold	above	background	were	removed.	
	
Calculation	of	peak	enrichments	in	genomic	regions	
Enrichment	of	peaks	in	genomic	regions	was	calculated	as	the	ratio	of	the	observed	over	the	
expected	 number	 of	 peaks,	 where	 the	 observed	 number	 is	 the	 count	 of	 all	 peaks	
overlapping	 a	 region	 by	 more	 than	 half	 of	 their	 length	 and	 the	 expected	 number	 is	 the	
fraction	of	genomic	bases	in	that	region	type	multiplied	by	the	total	number	of	peaks.	
	
Calculation	of	immunoprecipitation	enrichment	
Immunoprecipitation	 enrichment	 of	 a	 genomic	 region	 (TSS	window	 or	 peak	 region)	was	
calculated	as	E	=	log2	((nFG	/	NFG	×	min(NFG,NBG)	+	p)	/	(nBG	/	NBG	×	min(NFG,NBG)	+	p)),	where	
nFG	 and	 nBG	 are	 the	 summed	 weights	 of	 overlapping	 foreground	 and	 background	 (input	
chromatin)	alignments,	NFG	and	NBG	are	the	total	number	of	aligned	reads	in	foreground	and	
background	samples,	and	p	is	a	pseudocount	constant	used	to	regularize	enrichments	with	
low	counts	dominated	by	sampling	noise.	
Cut‐offs	for	TSS‐window	enrichments	were	manually	defined	using	scatter	plots	comparing	
biological	 replicates	 to	 separate	 correlated	 higher	 enrichments	 (positives)	 from	 the	
presumably	negative	and	uncorrelated	lower	enrichments.	
	
RNA‐Seq	data	analysis	
RNA	 from	 PA1‐Mx,	 PA1‐Md	 and	 PA2‐Hy	 cells	 in	 three	 independent	 biological	 replicates	
each	was	 used	 for	 cDNA	 preparation	 followed	 by	 sequencing	 on	 an	 Illumina	HiSeq2000.	
Expression	levels	of	RefSeq	transcripts	were	calculated	by	log2	(n	/	l	×	avg._l	+	1),	where	n	is	
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the	weighted	sum	of	alignments	to	a	RefSeq	transcript	scaled	by	the	total	number	of	reads	
in	 the	 sample,	 l	 is	 the	 length	 of	 the	 transcript	 and	 avg._l	 is	 the	 mean	 length	 of	 RefSeq	
transcripts.	 Expressed	 transcripts	 were	 defined	 based	 on	 the	 bimodal	 distribution	 of	
expression	 levels	 as	 transcripts	 with	 expression	 levels	 of	 at	 least	 4.0	 (log2‐transformed,	
length‐normalized	number	of	reads).	
	
3.4 Results		
	
3.4.1 Epigenomic	 organization	 and	 transcripton	 profiles	 of	 Hox	 gene	 clusters	 in	
mouse	cranial	NCC	subpopulations		
	
To	 identify	 the	 epigenetic	 and	 transcriptional	 features	 characterizing	 cranial	NCCs	
according	 to	 their	 position	 along	 the	 embryonic	 antero‐posterior	 axis,	 we	 focused	 our	
analysis	on	three	defined	NCC	sub‐populations	at	E10.5:	namely,	the	Hox‐negative	NCCs	of	
the	PA1‐derived	maxillary	(Mx)	and	mandibular	(Md)	processes,	as	well	as	the	Hox‐positive	
NCCs	of	PA2	(also	called	Hyoid	(Hy)	arch).	In	order	to	obtain	pure	populations	of	NCCs,	we	
micro‐dissected	each	of	 these	prominences	 from	embryos	carrying	 the	Wnt1::Cre	and	 the	
Rosa::RFP	conditional	reporter	alleles	and	we	isolated	NCCs	by	FACS	sorting	(Figure	1A,	B).	
The	Wnt1	promoter	drives	Cre	recombinase	expression	in	NCC	progenitors	(Danielian	et	al.,	
1998),	 thus	 inducing	RFP	 expression	 in	NCC	progenitors	 and	 their	progeny.	Our	 analysis	
showed	 that	 NCCs	 constitute	 nearly	 80%	 of	 the	 total	 amount	 of	 cells	 that	 composed	 the	
pharyngeal	arches	at	E10.5	(not	shown).		
We	 focused	 on	 cephalic	 NCCs	 destined	 to	 a	mesenchymal	 (chondro/skeletogenic)	
fate.	Indeed,	i)	based	on	NCC	localization	in	the	core	of	the	pharyngeal	arches,	and	ii)	due	to	
the	fact	that,	already	at	E10.5,	NCCs	express	chondrogenic	markers	such	as	Col2a1	and	Sox9,	
the	NCC	sub‐populations	collected	in	our	experiments	give	most	likely	rise	to	chondrogenic	
and/or	skeletogenic	structures	(Peters	et	al.,	1999).	 	Neurogenic	NCCs	are	more	proximal,	
localized	into	sensory	ganglia,	which	were	not	included	in	our	dissections.		
We	 next	 processed	 these	 isolated	 NCC	 sub‐populations	 for	 genome‐wide	
transcriptional	 (RNA‐seq)	 and	 epigenomic	 (ChIP‐seq)	 characterization	 and	 the	 resulting	
data	were	 integrated	 in	 order	 to	 correlate	 the	 transcriptional	 activity	with	 the	 identified	
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epigenetic	 modifications.	 We	 examined	 histone	 modifications	 associated	 to	 Polycomb‐
mediated	 transcriptional	 repression	 (H3K27me3),	 to	 active/poised	 promoters	 and	
enhancers	 (Trithorax‐mediated	 H3K4me2),	 and	 to	 active	 regulatory	 regions	 (H3K27ac).	
Our	analysis	revealed	a	high	and	selective	enrichment	of	H3K27me3	at	the	level	of	the	four	
Hox	clusters	compared	to	their	flanking	regions	(Figure	S1)	in	all	the	cNCC	cell	populations	
studied.	However,	a	focused	analysis	on	the	epigenetic	landscape	at	the	level	of	Hoxa	cluster	
showed	 that,	 specifically	 in	 PA2‐derived	 cells,	 H3K4me2	 and	 H3K27ac	modifications	 are	
enriched	at	the	expenses	of	H3K27me3	just	at	the	level	of	the	Hoxa2	locus	(Figure	1C).	This	
distribution	 nicely	 correlates	 with	 the	 RNA	 expression	 profile	 that	 indicates	 a	 strong	
expression	of	Hoxa2	in	 the	Hy	sample,	 though	not	 in	samples	from	more	anterior	regions	
(Figure	1C).	A	quite	similar	pattern	was	found	at	the	level	of	the	Hoxb	cluster	in	regard	to	
Hoxb2,	 which	 is	 expressed	 at	 lower	 level	 in	 our	 cNCC	 samples	 (Figure	 S2).	 Such	 sharp	
windows	of	H3K27me3	depletion	not	only	correlate	with	 the	unique	expression	of	Hoxa2	
and	Hoxb2	genes	in	PA2	NCCs,	but	also	suggest	the	presence	of	specific	signals	responsible	
for	maintaining	the	expression	of	 these	selected	Hox	genes	 in	second	arch	post‐migratory	
NCCs.	The	specific	 lack	of	H3K27me3	enrichment	observed	 in	the	E10.5	second	arch	NCC	
sub‐population	 at	 the	 level	 of	 the	 Hoxa2	 and	 Hoxb2	 loci	 may	 therefore	 reflect	 the	
maintenance	of	an	epigenetic	configuration	inherited	from	pre‐migratory	progenitors.	
In	vertebrates,	Hox	genes	are	expressed	in	space	and	time	according	to	their	physical	
position	within	their	clusters;	a	process	referred	as	spatio‐temporal	collinearity	(Dolle	and	
Duboule,	1989).	This	process	is	correlated	with	a	progressive	loss	of	H3K27me3	and	a	gain	
of	H3K4me3	marks	from	the	telomeric	(3’)	extremity	of	the	cluster	to	its	opposite	(5’)	end	
(Soshnikova	and	Duboule.,	2009).	The	3’	most	Hox	paralogue	group	(PG)	1	genes,	such	as	
Hoxa1	 and	 Hoxb1,	 are	 the	 first	 genes	 expressed	 in	 rhombomere	 4	 (r4)‐derived	 pre‐
migratory	progenitors,	 i.e.	 the	cells	that	give	rise	to	the	cNCCs	populating	PA2	(Gavalas	et	
al.,	1998;	Makki	and	Capecchi,	2010;	Murphy	et	al.,	1991;	Zhang	et	al.,	1994).	However,	Hox	
PG1	genes	are	no	longer	expressed	in	post‐migratory	mesenchymal	PA2	NCCs	(Murphy	and	
Hill,	 1991;	 Hunt	 et	 al.,	 1991).	 Interestingly,	 we	 found	 an	 enrichment	 of	 H3K27me3	
corresponding	 to	 Hoxa1	 and	 Hoxb1	 loci	 in	 this	 post‐migratory	 NCC	 sub‐population	
suggesting	 an	 active	 process	 responsible	 for	 de	 novo	 deposition	 of	 the	 H3K27me3	
 63 Chapter	3:	Manuscript	in	preparation
repressive	mark	following	r4	NCC	progenitor	epithelial‐mesenchymal	transition	(EMT)	and	
migration	into	PA2	(Figs.	1	and	S2).	
3.4.2 Ezh2	 is	a	key	determinant	of	Hox	gene	repression	 in	 the	anterior	part	of	 the	
head	
	
 Hox	 genes	 are	 not	 expressed	 in	 anterior	 head	 cranial	 NCCs.	 This	 specificity	 is	
conserved	 in	 the	 vertebrate	 lineage,	 from	 agnate	 to	 gnathostomes	 and	 is	 an	 absolute	
condition	 for	 the	 correct	 patterning	 of	 the	 fronto‐nasal	 and	 first‐arch	 derived	 skeletal	
structures	(reviewed	in	Minoux	and	Rijli,	2010).	Indeed,	ectopic	expression	of	Hox	genes	in	
chick	Hox‐free	NCCs	severely	impairs	jaw	and	craniofacial	development	(Couly	et	al.,	1998;	
Creuzet	et	al.,	2002).	Similar	defects	are	observed	as	a	result	of	ectopic	expression	of	Hoxa2	
and/or	Hoxa5	in	mouse	NCCs	(Figure	S3	and	Minoux	et	al.,	2013	submitted).	The	lack	of	Hox	
gene	expression	in	the	anterior	Hox‐free	NCCs	indicate	that	either	absence	of	activators	or	
presence	of	repressors,	or	both,	are	responsible	for	this	condition.		
The	presence	of	high	H3K27me3	levels	(Figs.	1	and	S1),	strongly	suggest	a	possible	
role	 of	 Polycomb	 for	 the	 acquisition	 and	 maintenance	 of	 a	 stably	 repressed	 chromatin	
configuration	at	Hox	clusters.	In	order	to	test	this	hypothesis,	we	addressed	the	role	of	the	
PRC2	 catalytic	 component	 Ezh2	 in	 during	 craniofacial	 development.	 We	 induced	 Ezh2	
deletion	in	NCCs	progenitors	before	the	onset	of	their	migration	by	crossing	mice	carrying	
conditional	 (floxed)	 alleles	of	Ezh2	 (Shen	et	al.,	 2008)	with	Wnt1::Cre	 transgenic	mice.	At	
E10.5,	Wnt1::Cre;Ezh2flox/flox	conditional	mutant	embryos	are	indistinguishable	from	control	
embryos.	However,	craniofacial	defects	start	appearing	around	E11.5,	with	the	presence	of	
a	midline	cleft	at	the	 level	of	 the	FNP	(not	shown).	Analysis	at	E18.5	revealed	that	 loss	of	
Ezh2	 in	NCCs	results	 in	a	pronounced	craniofacial	phenotype	characterised	by	absence	of	
almost	all	NCC‐derived	bones,	as	shown	by	skeletal	preparations	(Figure	2).	
To	 characterize	 the	 molecular	 mechanisms	 involved	 in	 the	 craniofacial	 and	
pharyngeal	 defects	 induced	 by	 Ezh2	 inactivation,	 we	 generated	 E10.5	
Wnt1::Cre;Ezh2flox/flox;Rosa::RFP	 mutant	 embryos.	 This	 approach	 allowed	 us	 to	 isolate	 the	
equivalent	mutant	subpopulations	characterized	in	the	previous	analysis	(PA1‐derived	Mx	
and	Md	proceses,	as	well	as	PA2‐derived	Hy	NCCs)	 	by	FACS	sorting	and	 to	use	 them	 for		
genome‐wide	 transcriptional	 (RNA‐seq)	 and	 epigenomic	 (ChIP‐seq)	 analysis.	 For	 each	 of	
these	 prominences,	 comparable	 number	 of	 cells	 could	 be	 collected	 from	 E10.5	
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Wnt1::Cre;Ezh2flox/flox;Rosa::RFP	mutant	embryos	versus	E10.5	Wnt1::Cre;Ezh2flox/flox	control	
embryos,	 supporting	 the	 absence	 of	 macroscopic	 defects	 in	 cell	 proliferation	 and/or	
apoptosis	at	this	stage	(not	shown).			
	Loss	of	Ezh2	function	would	be	expected	to	result	preferentially	in	derepression	(i.e.	
up‐regulation)	 of	 gene	 expression.	 Accordingly,	 RNA‐seq	 analysis	 revealed	 that,	
independently	 of	 the	 cranial	 NCC	 sub‐population	 analysed,	 9.3	 %	 of	 genes	 display	 up‐
regulated	 expression,	 whereas	 only	 0.7%	 were	 down‐regulated	 in	
Wnt1::Cre;Ezh2flox/flox;Rosa::RFP	 mutant	 NCCs	 compared	 to	 control	 	Wnt1::Cre;Ezh2flox/flox	
samples	 (Figure	 3A).	 90%	 of	 the	 genes	 however	 displayed	 unchanged	 expression,	 thus	
indicating	that	Ezh2‐mediated	regulation	affects	a	relatively	small	percentage	of	the	cranial	
NCCs	genome	(Figure	3A).	Among	the	genes	whose	expression	is	mostly	up‐regulated	as	a	
result	 of	Ezh2	 conditional	 inactivation,	 we	 found	 several	Hox	 transcripts	 (Figure	 3B	 and	
Figure	 S4)	 with	 a	 similar	 pattern	 of	 distribution	 between	 the	 three	 sub‐populations	
analysed	 (Figure	 3E	 and	 Figure	 S4).	 One	 exception	 concerns	 transcription	 5’	 adjacent	 to	
Hoxa2	and	Hoxb2	loci,	as	our	RNA‐seq	analysis	shows	higher	enrichment	in	Hy	than	in	Md	
or	Mx	 	NCC	sub‐populations	 (Figure	3E).	 In	particular,	 in	situ	hybridization	confirms	 that	
Hoxa3	 expression	 is	 more	 up‐regulated	 in	 Hy	 than	 in	 Md	 or	 Mx	 NCCs	 (Figures	 3C,D),	
possibly	 suggesting	 a	 role	 of	 Hoxa2	 regulatory	 regions	 on	 the	 neighbour	 5’	 locus.	 By	
carrying	out	H3K27me3	ChIP	on	mutant	samples,	we	found	that	de‐repression	of	Hox	genes	
is	associated,	 in	all	 the	sub‐populations	analysed,	with	 the	absence	of	 this	Ezh2‐mediated	
epigenetic	modification	(Figure	3E	and	Figure	S4).		
In	 summary,	 these	 results	 support	 the	 notion	 that	Hox	 genes	 are	 direct	 targets	 of	
Ehz2	 and	 reveal	 that	 Ezh2	 plays	 the	 major	 role,	 as	 compared	 to	 its	 paralogue	 Ezh1,	 in	
H3K27	methylation	 of	 the	Hox	 clusters	 in	 cranial	 NCCs.	 Moreover,	 these	 data	 show	 that	
Ezh2	is	involved	in	maintaining	a	collinear	pattern	of	Hox	expression	in	Hy	Hox	PG2+	NCCs	
and	Hox	repression	in	anterior	head	NCCs.		
	
3.4.3 Ezh2	 is	 crucial	 to	 maintain	 positional	 identity	 of	 distinct	 rostrocaudal	 NCC	
subpopulations	
	
To	 characterize	 the	 molecular	 identity	 of	 E10.5	 Mx,	 Md	 and	 Hy	 (PA2)	 NCC	 sub‐
populations,	we	performed	a	genome‐wide	analysis	of	their	epigenetic	and	transcriptional	
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features.	We	found	that	only	a	 few	loci	are	differentially	enriched/depleted	in	H3K27me3	
(Figure	4A),	H3K27ac	(Figures	4B,C)	or	H3K4me2	(not	shown)	marks	between	Mx,	Md	and	
Hy	samples.	Among	 these,	we	 found	key	 regulators	of	 cellular	positional	 identity.	 Indeed,	
we	 show	 that	 Hoxa2	 is	 among	 the	 few	 genes	 that	 are	 the	 most	 selectively	 enriched	 in	
H3K27ac	 in	 PA2	 cells	 (Figure	 4D).	 Similarly,	 Dlx5/6	 and	 Hand1/2,	 known	 to	 be	 major	
determinants	of	PA1	(Md	vs.	Mx)	dorsoventral	identity	(Beverdam	et	al.,	2002;	Depew	et	al.,	
2002;	 Sato	 et	 al.,	 2008)	 are	 among	 the	 subset	 of	 genes	 that	 show	 selective	 H3K27ac	
enrichment	 in	 the	 Md	 NCC	 sub‐population	 compared	 to	 the	 other	 samples	 (Figure	 4D).	
Altogether,	 these	 results	 emphasize	 the	 sub‐population	 specific	 in	 vivo	 role	 of	 epigenetic	
regulation	of	the	transcriptional	states	of	key	developmental	genes.			
In	 keeping	with	 the	 epigenetic	 data,	 the	 transcriptional	 profiles	 show	 that	 control	
Mx,	 Md	 and	 Hy	 NCC	 sub‐populations	 show	 high	 degree	 of	 correlation	 (Figure	 4E).	
Interestingly,	 Md	 and	 Hy	 NCCs	 were	 more	 similar	 to	 each	 other	 than	 to	 the	 Mx	 sub‐
population	 (Figures	 4E,F).	 In	 E10.5	 Ezh2	mutant	 embryos,	 NCC	 sub‐populations	 lost	 the	
molecular	 signatures	 that	 characterize	 their	 respective	 control	 samples	 (Figure	 4F).	
Moreover,	 multi‐dimensional	 analysis	 revealed	 that	 Ezh2	 deficient	 Md	 and	 Hy	 samples	
segregated	together	indicating	that	these	sub‐populations	acquire	the	same	transcriptional	
profile	(Figure	4F).	To	investigate	whether	such	a	similar	transcriptional	molecular	identity	
might	result	from	intermingling	of	NCC	subpopulations	due	to	altered	migratory	behaviour,	
we	performed	cellular	retinoic	acid‐binding	protein	1	(Crabp1)	in	situ	hybridization	on	E9.5	
control	 and	 Wnt1::Cre;Ezh2flox/flox	 mutant	 embryos	 (Figure	 S5	 and	 not	 shown).	 No	
differences	were	observed	in	Ezh2	deficient	embryos,	showing	normal	stream	segregation	
of	migrating	NCCs	from	distinct	rostrocaudal	levels,	similar	to	wild‐type	behaviour.	Lastly,	
it	 is	 noteworthy	 that	 in	 Ezh2	 mutants	 the	 Mx	 sample	 transcription	 profile	 segregates	
distinctly	 from	 control	Mx	 but	 also	 from	Ezh2	 deficient	Md	 and	Hy	NCC	 sub‐populations	
(Figure	4F).	Taken	together,	these	data	show	that	the	Ezh2	mutation	has	different	effects	on	
the	 three	 cranial	 NCC	 sub‐populations.	 This	 might	 reflect	 their	 distinct	 rostrocaudal	
embryological	 origin.	 While	 the	 NCCs	 populating	 the	 Mx	 process	 derive	 from	 the	
mesencephalic	 region,	 NCCs	 colonizing	 Md	 and	 Hy	 colonizing	 cells	 are	 mostly	 of	
rhombencephalic	origin	(Kontges	and	Lumsden,	1996).	
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3.4.4 Ezh2	maintains	the	mesenchymal	identity	of	cranial	NCCs	through	repression	
of	their	neurogenic	potential		
	
To	 further	 investigate	 Ezh2	 function	 in	 cranial	 NCC	 specification	 and	 identity,	 we	
next	 compared	 the	 delta‐RNA‐seq	 data,	 i.e.	 the	 genome‐wide	 transcriptional	 differences	
between	Wnt1::Cre;Ezh2flox/flox;Rosa::RFP	mutant	versus	Wnt1::Cre;Rosa::RFP	control	NCCs,	
with	 genome‐wide	 H3K4me2	 and	 H3K27me3	 distribution	 (Figures	 5A,B).	 Our	 analysis	
revealed	that	the	genes	highly	up‐regulated	in	the	Ezh2	mutant,	were	those	enriched	both	
in	H3K27me3	and	H3K4me2	in	the	control	sample.		The	presence	of	active	and	repressive	
epigenetic	marks	at	the	 level	of	the	same	promoter	regions	 is	reminiscent	of	the	situation	
described	for	important	developmental	genes	in	ES	cells	(Azuara	et	al.,	2006;	Bernstein	et	
al.,	 2006),	 which	 need	 to	 be	 primed	 for	 expression	 although	 transcriptionally	 silent	
(bivalent	 promoters).	 The	 genes	 decorated	 only	 with	 H3K27me3	 in	 the	 control	 also	
resulted	 to	 be	 up‐regulated	 in	 the	 mutant,	 albeit	 at	 a	 minor	 extent	 compared	 to	 the	
“bivalent”	ones.	The	genes	that	where	only	enriched	in	H3K4me2	or	that	did	not	show	any	
specific	enrichment	in	the	control	remained	almost	unchanged	in	the	Ezh2	mutant	(Figure	
5B).	These	results	indicate	that	the	up‐regulated	genes	were	prevalently	those	under	direct	
Polycomb‐mediated	repression.		
To	 better	 understand	 the	 outcome	 of	 Ezh2	 conditional	 inactivation	 in	 NCCs,	 we	
performed	 a	 Gene	 Ontology	 (GO)	 analysis	 of	 the	 differentially	 regulated	 transcripts.	 We	
focused	our	analysis	on	the	Md	sub‐population,	which	normally	gives	rise	to	the	lower	jaw.	
In	 addition	 to	 the	 Hox	 genes,	 which	 are	 scored	 in	 specific	 classes	 such	 as	 “embryonic	
skeletal	 system	morphogenesis”	 and	 “anterior/posterior	 pattern	 specification”,	 we	 found	
significant	 enrichments	 of	 genes	 involved	 in	 “neurogenesis	 and	 neuronal	 differentiation”,	
such	as	 for	 instance	Pou4f1	 (a	marker	 for	differentiating	sensory	neurons).	This	 indicates	
that	 Ezh2	 represses	 the	 neurogenic	 potential	 of	 cranial	 NCCs	 normally	 fated	 to	
mesenchymal	 (i.e.	 chondro/skeletogenic)	 differentiation	 (Figure	 5A).	 Although	 in	 E10.5	
Wnt1::Cre;Ezh2flox/flox;Rosa::RFP	mutant	embryos	 	 the	expression	of	 chondrogenic	markers	
such	 as	 Sox5,	 Sox6,	 Sox9,	 or	 Col2a1	 is	 only	 slightly	 decreased,	 the	 GO	 analysis	 suggest	 a	
consistent	 trend	 towards	 down‐regulation	 as	 a	 gene	 group	 ensemble,	 which	 prefigures	
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their	 significant	 spatial	 down‐regulation	 in	 E13.5	 embryos	 ,	 as	 assessed	 by	 in	 situ	
hybridisation	(Figure	6;	and	data	not	shown).	These	results	underscore	the	role	of	Ezh2	in	
the	maintenance	of	mesenchymal	fate	through	repression	of	alternative	neurogenic	fate.	In	
the	 absence	 of	 Ezh2	 function,	 NCCs	 normally	 migrate	 to	 their	 final	 destination,	 begin	 a	
chondrogenic	differentiation	program	but	they	are	not	able	to	properly	pursue	it.		
	
3.5 Discussion	and	perspectives	
	
The	cranial	neural	crest	cell	system	represents	one	of	the	most	interesting	models	in	
developmental	biology	to	address		the	problem	of	self‐renewal	and	differentiation	potential	
in	vivo	of	cells	that	show	bona	fide	stem	cell	properties.	Previous	studies	demonstrated	that	
the	 fate	 of	 NCCs	 is	 not	 irreversibly	 committed	 at	 the	 progenitor	 stage	 in	 the	 neural	
primordium	 and	 rather	 depends	 upon	 the	 environment	 encountered	 by	 NCC	 during	
migration	and	at	sites	of	arrest	(Dupin	et	al.,	2010).	Paracrine	factors	like	BMP2/4,	Wnt	and	
TGF‐β	signalling	pathways	as	well	as	Delta	family	ligands	have	been	shown	to	modulate	the	
differentiation	potential	of	these	cells	(De	Bellard	et	al.,	2002;	Goldstein	et	al.,	2005;	Lee	et	
al.,	 2004;	 Shah	 et	 al.,	 1996).	 Studies	 conducted	 in	 the	 avian	 embryo	 demonstrated	 the	
existence	of	cranial	neural	crest	cell	progenitors	endowed	with	a	different	combination	of	
both	 mesenchymal	 (osteogenic/chondrogenic)	 and	 neurogenic‐melanogenic	 potential	
(Calloni	et	al.,	2007)	which	respond	differently	to	Shh	signalling.		
At	the	molecular	level,	the	differentiation	program	undertaken	by	these	cells	rely	on	
the	instructive	role	of	non‐cell	autonomous	information	as	well	as	transcriptional	networks	
already	established	in	pre‐migratory	cells	which	reflect	their	rostro‐caudal	origin	along	the	
neuraxis	(e.g.	Otx2,	Hox	–	Kimura	et	al.,	1997;	Minoux	et	al.,	2009).	Hox	genes	for	example,	
are	repressed	in	the	anterior	part	of	the	embryo	(Hox‐negative	domain)	and	expressed	in	a	
rostrocaudally	nested	manner	from	the	rhombencephalon	to	the	spinal	cord	(Hox‐positive	
domain),	 reflecting	 their	 relative	 genomic	 positions	 within	 the	 clusters	 (spatial	
collinearity).	The	importance	to	maintain	a	Hox‐negative	domain	in	the	anterior	part	of	the	
embryo	is	underscored	by	gain‐of‐function	experiments	in	which	anterior	cranial	NCCs	are	
forced	 to	ectopically	overexpress	Hox	 genes,	 leading	 to	 severe	 impairment	of	 craniofacial	
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development	 (Creuzet	 et	 al.,	 2002).	 Recently,	 the	 transcriptional	 availability/silencing	 of	
Hox	 genes	 has	 been	 proposed	 to	 be	 influenced	 by	 regulatory	 effects	 played	 by	 the	
chromatin	 configuration	 of	 the	 clusters	 (Soshnikova	 and	 Duboule,	 2009).	 In	 particular,	
maintenance	of	Hox	 transcriptional	states	correlates	with	distinct	sub‐nuclear	domains	of	
active	or	repressed	genes	(Bantignies	et	al.,	2011;	Noordermeer	et	al.,	2011).		
Previous	reports	 (Takihara	et	al.,	1997)	 indicated	 that	Phc1	disruption	(the	mouse	
homologue	 of	 the	 Drosophila	 polyhomeotic	 gene)	 leads	 to	 altered	 antero‐posterior	
patterning	and	neural	crest	defects.	Furthermore,	Phc2	and	Phc1	have	been	shown	to	act	
synergistically	to	mediate	repression	of	Hox	genes	(Isono	et	al,	2005).	This	work	supports	a	
role	 of	 the	 PRC1	 complex	 in	 the	maintenance	 of	 transcriptional	 repression	 of	Hox	 genes	
during	antero‐posterior	patterning.	Moreover,	a	large	majority	of	Polycomb	targets	are	co‐
occupied	by	PRC2	and	PCR1	complexes	 in	ES	 cells,	 though	a	 substantial	portion	of	 target	
genes	show	non‐overlapping	characteristics	(Boyer	et	al.,	2006;	Ku	et	al.,	2008).	Finally,	due	
to	the	early	lethality	of	mutant	mice	a	comprehensive	analysis	of	Polycomb	loss	of	function	
in	NCCs	and	resulting	craniofacial	defects	was	missing.		
In	this	study,	we	addressed	the	role	of	Ezh2	in	the	maintenance	of	mesenchymal	fate	
of	cranial	NCCs	in	the	mouse.	Our	analysis	takes	advantage	from	genetically	labelled	cells	to	
isolate	 nearly	 pure	 populations	 of	 NCCs	 according	 to	 their	 rostrocaudal	 origin	 along	 the	
developing	embryo.	In	particular,	we	micro‐dissected	three	sub‐populations	corresponding	
to	 the	 Hox‐negative	 Maxillary	 (Mx)	 and	 Mandibular	 (Md)	 prominences	 of	 the	 first	
pharyngeal	arch	as	well	as	the	Hox‐positive	Hyoid	(Hy)	NCCs	of	the	second	pharyngeal	arch.	
This	approach	allowed	to	perform	a	genome‐wide	correlation	in	vivo	of	transcriptome	and	
epigenome	 from	 each	 of	 these	 sub‐populations	 and	 between	 them,	 and	 to	 use	 the	
craniofacial	system	as	readout	of	the	phenotypic	effects	caused	by	the	Ezh2	mutation.	
Because	of	the	strong	evidence	pointing	at	the	importance	of	maintaining	Hox	genes	
repressed	 in	 the	 embryonic	 head,	 we	 decided	 to	 start	 our	 analysis	 by	 conditionally	
inactivating	Ezh2	 in	NCCs	and	 investigating	 its	effects	on	the	transcriptional	 regulation	of	
these	important	developmental	regulators.	In	control	animals,	Hox	clusters	in	the	three	NCC	
sub‐populations	 are	 highly	 enriched	 and	 decorated	 with	 the	 Polycomb‐mediated	
H3K27me3	repressive	mark,	irrespectively	of	the	sub‐population	analysed.	However,	in	the	
 69 Chapter	3:	Manuscript	in	preparation
Hy	 component,	 the	 Hoxa2	 and	 Hoxb2	 loci	 are	 H3K27me3‐depleted	 with	 a	 concomitant	
selective	enrichment	in	H3K4me2	and	H3K27ac,	correlating	with	their	selective	expression	
in	this	sub‐population.	Intriguingly,	the	bodies	of	Hox	PG1	genes	(i.e.	Hoxa1	and	Hoxb1)	are	
heavily	 decorated	with	 the	H3K27me3	mark	 in	 E10.5	Hy	NCCs.	 As	Hoxa1	 and	Hoxb1	 are	
expressed	in	pre‐migratory	rhombomere	4	(r4)‐derived	cranial	NCCs	(Gavalas	et	al.,	1998;	
Makki	and	Capecchi,	2010;	Murphy	et	al.,	1991;	Zhang	et	al.,	1994)	it	is	plausible	to	assume	
that	Hox	PG1	genes	were	devoid	of	H3K27me3	decoration	in	r4‐derived	NCC	progenitors.	
Consequently,	an	active	process	took	place	in	order	to	modify	the	collinear	expression	and	
change	the	epigenetic	landscape	of	these	genes	in	migratory	and	post‐migratory	NCCs.	If	the	
distribution	 of	 active	 and	 repressive	 epigenetic	marks	 represents	 the	 distribution	 of	Hox	
genes	within	respective	chromatin	compartments,	we	can	speculate	that,	in	migratory	and	
post‐migratory	 r4‐derived	NCCs,	Hox	PG1	genes	 colocalize	with	 the	 rest	of	 the	 repressed	
cluster,	 whereas	 Hox	 PG2	 would	 occupy	 a	 different	 active	 compartment	 of	 the	 nucleus	
(Figure	 3.1).	 In	 order	 to	 validate	 this	 model,	 on‐going	 activities	 in	 our	 laboratory	 are	
devoted	to	study	the	epigenetic	marks	associated	with	Hox	PG1	genes	in	r4	pre‐migratory	
neural	crest	cells.	In	parallel,	Chromosome	Conformation	Capture	(4C)	assays	will	be	used	
to	 determine	 the	 spatial	 distribution	 of	Hox	 genes	 within	 active	 and	 silenced	 chromatin	
compartments.		
To	assess	the	functional	role	of	Polycomb	in	the	maintenance	of	the	repressive	state	
of	 Hox	 genes	 in	 cranial	 neural	 crest	 cells	 we	 took	 advantage	 from	 an	 Ezh2	 conditional	
deletion	in	pre‐migratory	neural	crest	cells.	The	Ezh2	mutation	causes	the	complete	loss	of	
the	 H3K27me3	 mark	 in	 all	 four	 Hox	 clusters	 and,	 in	 parallel,	 results	 in	 a	 general	 de‐
repression	of	 their	 transcriptional	 state.	Phenotypically,	 the	mutation	 impairs	 the	 correct	
formation	 of	 facial	 and	 pharyngeal	 bones	 and	 cartilages,	 in	 keeping	 with	 the	 previous	
observation	 that	 the	 ectopic	 expression	 of	 Hox	 genes	 is	 incompatible	 with	 normal	
craniofacial	development	 (Creuzet	et	 al.,	 2002;	Couly	et	 al.,	 1998	and	Minoux	et	 al.,	 2013	
submitted).	
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Figure	3.1.	Working	model.	 	 In	 pre‐migratory	 cranial	NCCs	 a	 linear	 distribution	 of	Hox	
transcriptional	units	between	active	(green)	and	repressed	(blue)	chromatin	compartments	
reflects	the	silent	state	in	the	anterior	embryonic	domain	and	the	collinear	expression	of	3’	
genes	in	r4‐originating	cells.	In	migratory	and	post‐migratory	cranial	NCCs	a	switch	in	the	
chromatin	state	would	modify	the	 initial	collinear	configuration	and	bring	Hox	PG1	genes	
back	into	the	repressive	domain	(modified	from	Pindyurin	and	van	Steensel,	2012).	
	
	
More	 broadly,	 Ezh2	 activity	 is	 important	 for	 the	 maintenance	 of	 the	 positional	
identity	of	cranial	NCC	sub‐populations.	Our	transcriptomic	and	epigenomic	data	on	control	
Mx,	Md	and	Hy	samples	reveal	a	high	degree	of	correlation,	at	genome‐wide	scale,	amongst	
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all	three	cell	populations.	Only	a	small	subset	of	loci	show	specific	enrichment/depletion	of	
the	 epigenetic	marks	 analysed.	 Importantly,	 the	 epigenetically	 regulated	 target	 genes	 are	
known	to	play	a	crucial	role	in	the	rostrocaudal	and	dorsoventral	 identity	of	cranial	NCCs	
(e.g.	Hoxa2,	Hoxb2,	Hand1/2),	thus	indicating	that	during	NCC	migration	and	settling	Ezh2	
plays	an	important	role	in	vivo	in	the	cell‐specific	maintenance	of	the	repressed	state	of	key	
patterning	genes.	
Previous	 loss‐	and	gain‐of‐function	experiments,	aimed	at	decipher	 the	 role	of	Hox	
genes	in	the	differentiation	of	pharyngeal	arch	derivatives,	suggested	the	presence	of	a	PA1‐
like	 skeletogenic	 ground	 state	 shared	 by	 all	 the	 cranial	 NCCs	 populating	 the	 pharyngeal	
region	 (Minoux	 et	 al.,	 2009).	 Our	 study	 extends	 the	 analysis	 to	 different	 sub‐populations	
within	 the	 first	pharyngeal	 arch	and	 identifies	 a	 shared	molecular	 signature	belonging	 to	
Md	and	Hy	samples,	which	probably	reflects	the	common	rhombencephalic	origin	of	these	
two	populations.	This	similarity	 is	more	evident	 in	Ezh2	mutants,	where,	at	genome‐wide	
scale,	the	two	populations	lose	their	molecular	identity.	In	this	scenario,	Ezh2	would	play	an	
important	role	 in	maintaining	the	positional	 identity	of	neural	crest	cells	originating	from	
the	 same	 rostrocaudal	 brain	 region.	 In	 fact,	 the	 Mx	 sample,	 which	 derives	 from	 the	
mesencephalic	region,	does	not	show	such	a	high	degree	of	correlation	as	between	Md	and	
Hy	 NCCs	 (both	 subpopulations	 are	 derived	 from	 the	 rhombencephalon),	 neither	 in	 the	
control	 nor	 in	 the	 Ezh2	 mutant	 background.	 If	 this	 interpretation	 is	 correct,	 we	 would	
expect	 to	 find	an	even	more	diverged	outlier	by	analysing	a	 further	 anteriorly	originated	
sub‐population	of	cNCCs,	like	those	populating	the	fronto‐nasal	process	(FNP)	that	derives	
from	the	diencephalic	region.	This	hypothesis	is	currently	subject	of	further	investigation	in	
our	 laboratory.	 Overall,	 these	 findings	 reveal	 a	 somewhat	 unexpected	 intrinsic	
heterogeneity	of	cranial	NCC	subpopulations	contributing	to	craniofacial	development.	
	The	Ezh2	 mutation	 leads	 to	 the	 up‐regulation	 of	 9.3%	 of	 the	 entire	 genome.	 The	
large	 majority	 of	 those	 genes	 show	 bivalent	 promoters	 (i.e.	 enriched	 in	 H3K4me2	 and	
H3K27me3)	 or	 decorated	 only	 with	 H3K27me3,	 indicating	 that	 they	 are	 under	 direct	
control	 of	 PRC2.	 Furthermore,	 although	 preliminary,	 our	 GO	 analysis	 suggests	 that	Ezh2	
plays	 a	 role	 in	 the	 maintenance	 of	 the	 mesenchymal	 (chondro/skeletogenic)	 fate	 of	
migratory	 and	 post‐migratory	 cranial	 NCCs	 by	 repressing	 their	 neurogenic	 potential	 and	
Hox	 genes,	which	have	been	proposed	 to	be	major	antagonist	of	 the	 craniofacial	program	
 72 
carried	by	cranial	NCCs	 (Couly	 et	al.,	 1998).	 Interestingly,	previous	 studies	demonstrated	
that	 the	 chondrogenic	 potential	 of	 cranial	 NCCs	 decreases	 according	 to	 the	 rostrocaudal	
distribution	 of	 their	 progenitors	 (Calloni	 et	 al.,	 2007),	 which	 also	 correlates	 with	 an	
increase	 of	 Hox	 expression.	 To	 consolidate	 this	 observation,	 we	 plan	 to	 perform	 in	 situ	
hybridization	 as	 well	 as	 immunohistochemisty	 assays	 on	 control	 and	
Wnt1::Cre;Ezh2flox/flox;Rosa::RFP	 embryos	 to	 assess	 quantitatively	 and	 qualitatively	 the	
change	 in	 the	 expression	 of	 neural	 and	 chondro/osteogenic	 markers.	 The	 comparison	
between	 the	 transcriptome	at	E10.5	 and	our	 in	 situ	 hybridisation	analysis	on	 the	marker	
Col2a1	 reveals	 a	 significant	 decrease	 of	 its	 expression	 in	 E13.5	Ezh2	 conditional	 mutant	
fetuses,	 indicating	 a	 loss	 of	 chondrogenic	 potential	 of	 mesenchymal	 NCCs	 through	
development.	 Furthermore,	 we	 will	 also	 investigate	 if	 the	 de‐repression	 of	 such	 an	
inappropriate	 program	 in	 cNCCs	would	 consequently	 induce	 their	 apoptosis,	 a	 change	 in	
their	proliferative	properties,	or	a	stable	switch	in	their	fate.		
Taken	 together	 our	 data	 indicate	 the	 pleiotropic	 effects	 of	 cell‐autonomous	 Ezh2	
mutation	in	the	maintenance	of	positional	identity	and	mesenchymal	fate	of	rostrocaudally	
defiend	cranial	neural	crest	cell	sub‐populations.	
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3.6 Figure	legends	
	
Figure	1	–	Method	outline.	Transgenic	embryos	expressing	the	RFP	protein	 in	 the	Wnt1	
domain	allow	the	isolation	of	fluorescently	labeled	NCCs.	Maxillary,	Mandibular	and	Hyoid	
pharyngeal	 arches	 (A)	 are	 dissected	 at	 E10.5,	 dissociated	 and	 FACS‐sorted	 (B).	 The	
fluorescent	signal	is	detected	over	the	baseline	level	of	a	Wnt1::Cre	negative	littermate.	The	
red	rectangles	indicate	the	sorted	singlets	used	for	the	further	analysis.	For	ChIP	assay,	cells	
are	 formaldehyde‐fixed	 before	 sorting	 to	 preserve	 the	 “native”	 chromatin	 interactions	
captured	at	moment	of	 the	dissection.	Three	epigenetic	modifications	have	been	used	 for	
the	analysis	(H3K27ac,	H3K4me2	and	H3K27me3)	in	combination	with	RNA	profiling.		(C)	
UCSC	genome	browser	snapshot.	RNA‐seq	(black	tracks)	and	ChIP‐seq	results	(grey	track=	
input;	blue	tracks=	H3K27ac,	green	tracks=	H3K4me2;	red	tracks=	H3K27me)	are	aligned	
to	the	reference	genome	to	 identify	regulatory	mechanisms	underlying	rostro‐caudal	NCC	
diversity.	Highlighted	is	the	Hoxa2	genomic	locus.	
	
Figure2	 –	Phenotypic	effects	of	Ezh2	 conditional	mutation	 in	NCCs.	 External	 view	 of	
Control	(A)	and	Wnt1::Cre;Ezh2flox/flox	mutant	fetuses	(B).	Skeletal	preparation	of	Control	(C)	
and	Wnt1::Cre;Ezh2flox/flox	 mutant	 (D)	 showing	 dramatic	 impairment	 of	 jaws	 and	 frontal	
bone	formation.	
	
Figure3	–	Molecular	characterization	of	Wnt1::Cre;Ezh2flox/flox	mutant	embryos.	(A)	Bar	
chart	 indicating	 the	 percentage	 of	 genes	 down‐regulated,	 unchanged	 and	up‐regulated	 in	
mutant	 samples.	 (B)	 Volcano	 plot	 showing	 the	 genes	 differentially	 expressed	 in	 control		
versus	Ezh2	 conditional	mutant	Md	 samples	 (red	dots=	Hox	 cluster	 genes).	Hoxa3	 in	 situ	
hybridization	 on	 control	 (C)	 and	 Ezh2	 conditional	 mutant	 (D)	 in	 E10.5	 embryos,	 a	
substantial	up‐regulation	is	observed	in	PA2.	(E)	UCSC	genome	browser	snapshot	of	Hoxa	
cluster	 expression	 in	 E10.5	Ezh2	 conditional	mutant	 samples.	 H3K27me3	modification	 is	
completely	 lost	 and	RNA‐seq	data	 reveal	 extensive	dysregulation	of	Hox	 expression.	 	The	
de‐repression	pattern	appears	similar	in	all	the	populations	analyzed,	except	for	the	3’	end	
of	the	clusters	in	the	Hy	population	where	the	active	Hoxa2	locus	affects	the	expression	of	
nearby	5’	genomic	region	(Hoxa3).	
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Figure	4	‐	Genome‐wide	analysis	of	control	and	Ezh2	mutant	NCCs.	H3K27me3	(A)	and	
H3K27ac	(B)	enrichments	on	Mx,	Md	and	Hy	samples	are	represented	as	heatmaps,	lateral	
red	 lines	 indicate	Hox	gene	clusters.	 (C)	Pairwise	scatter	correlation	of	H3K27ac	between	
Mx,	Md	and	Hy	samples,	red	dots	represent	promoters	differentially	enriched.	(D)	Scatter	
plot	 representing	 the	 distribution	 of	 H3K27ac	 of	 Hy	 versus	 Mx	 samples	 using	 Md	 as	
reference	 (red	 dots=	 Hy	 genes	 specifically	 enriched	 in	 H3K27ac;	 blue	 dots=	 Md	 genes	
specifically	enriched	in	H3K27ac).	(E)	Pairwise	correlations	of	RNA‐seq	data	reflecting	high	
similarity	 within	 control	 and	 mutan	 Md/Hy	 samples.	 (F)	 Multi‐dimensional	 analysis	 of	
RNA‐seq	data	showing	 loss	of	cellular	 identity	 in	Md	and	Hy	mutant	samples,	 solid	boxes	
represent	control	samples,	empty	boxes	represent	Ezh2	samples.			
	
Figure	5	–	Genome‐wide	correlation	of	RNA‐seq/ChIP‐seq	data	and	GO	analysis.	 (A)	
Scatter	 plot	 correlating	 histone	 modification	 enrichment	 at	 promoter	 regions	 (x‐axis=	
H3K27me3,	y‐axis=H3K4me2)	and	RNA	levels	(color	coded)	in	control	Md	samples.	In	the	
next	panel	same	analysis	performed	on	Ezh2	mutant	samples,	color‐coded	is	indicated	the	
delta‐RNA	FC	of	mutant	versus	control	samples.	The	distribution	of	red	dots	in	the	second	
panel	 indicates	 that	 the	 majority	 of	 up‐regulated	 genes	 were	 bivalent	 or	 enriched	 in	
H3K27me3	in	control	samples.	(B)	Box‐and‐whisker	categorizing	the	upregulated	genes	in	
Ezh2	mutant	Md	samples	according	 to	H3K27me3/H3K4me2	enrichment.	 (C)	GO	analysis	
comparing	Ezh2	mutant	 and	 control	Md	sampes,	 listed	are	 cellular	 functions	 significantly	
expected	to	be	modulated	in	Ezh2	mutants.	
	
Figure	6	–	Col2a1	expression	 in	control	versus	Wnt1::Cre;Ezh2flox/flox	mutant	 fetuses.		
Normal	expression	of	the	chondrogenic	marker	Col2a1	in	normal	E11.5	embryos	(A,B)	and	
E13.5	(C‐F)	fetuses.	Respective	expression	pattern	in	conditional	E11.5	(G,H)	and	E13.5	(I‐
L)	Ezh2	mutants.	A	significant	decrease	of	Col2a1	expression	is	observed	at	E13.5	in	mutant	
fetuses	indicating	a	progressive	loss	of	chondrogenic	potential.	
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3.7 Supplemental	Figures	
	
Figure	 S1	 –	 UCSC	 Genome	 Browser	 snapshots	 of	 RNA‐seq	 and	 ChIP‐seq	 data	 of	 control	
NCCs	 at	 Hoxa,	 Hoxb,	 Hoxc	 and	 Hoxd	 clusters	 (1Mb	 scale).	 Gray	 track=	 input,	 red	
track=H3K27me3,	black	trak=	RNA,	green	boxes=	CGI,	blue	boxes=	ref	genes,	red	box=	Hox	
gene	cluster.	
	
Figure	 S2	 –	 UCSC	 Genome	 Browser	 snapshots	 of	 RNA‐seq	 and	 ChIP‐seq	 data	 of	 control	
NCCs	at	Hoxb,	Hoxc	and	Hoxd	clusters	in	Mx,	Md	and	Hy	samples.	Highlighted	is	the	Hoxb2	
genomic	 locus.	 Gray	 track=	 input;	 blue	 tracks=	 H3K27ac,	 green	 tracks=	 H3K4me2;	 red	
tracks=	H3K27me;	black	track=	RNA	
	
Figure	S3	–	Phenotypic	effects	of	Hoxa5	conditional	overexpression	in	NCCs.	External	view	
of	Control	(A)	and	Wnt1::Cre;Hoxa5‐IRES‐GFP	E18.5	overexpressing	fetuses	(B).	Respective	
skeletal	 preparation	of	 Control	 (C)	 and	Wnt1::Cre;Hoxa5‐IRES‐GFP	 overexpressing	 fetuses	
(D)	showing	severe	impairment	of	jaws	and	frontal	bone	formation.	
	
Figure	S4	‐	UCSC	Genome	Browser	snapshots	of	RNA‐seq	and	ChIP‐seq	data	of	Ezh2	mutant	
NCCs	at	Hoxb,	Hoxc	and	Hoxd	clusters	 in	Mx,	Md	and	Hy	samples.	Gray	 track=	 input;	 red	
tracks=	H3K27me;	black	track=	RNA	
	
Figure	 S5	 –	Crabp1	 in	 situ	 Hybridizations	 on	 E10.5	 embryos.	 Semilateral	 (A)	 and	 dorsal	
view	 (C)	 of	 control	 embryos.	 Semilateral	 (B)	 and	 dorsal	 view	 (D)	 of	Wnt1::Cre;	 Ezh2f/f		
embryos.	 Unaltered	 pattern	 of	 migration	 of	 different	 antero‐posterior	 migrating	 cranial	
NCC	streams	is	observed.	
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4.1 “Ezh2	Orchestrates	Topographic	Migration	and	Connectivity	of	Mouse	
Precerebellar	Neurons”		
 
Abstract	
 
We	 investigated	 the	 role	 of	 histone	 methyltransferase	 Ezh2	 in	 tangential	 migration	 of	
mouse	precerebellar	pontine	nuclei,	the	main	relay	between	neocortex	and	cerebellum.	By	
counteracting	 the	 sonic	 hedgehog	 pathway,	 Ezh2	 represses	 Netrin1	 in	 dorsal	 hindbrain,	
which	 allows	 normal	 pontine	 neuron	 migration.	 In	 Ezh2	 mutants,	 ectopic	 Netrin1	
derepression	results	in	abnormal	migration	and	supernumerary	nuclei	integrating	in	brain	
circuitry.	 Moreover,	 intrinsic	 topographic	 organization	 of	 pontine	 nuclei	 according	 to	
rostrocaudal	 progenitor	 origin	 is	 maintained	 throughout	 migration	 and	 correlates	 with	
patterned	cortical	input.	Ezh2	maintains	spatially	restricted	Hox	expression,	which,	in	turn,	
regulates	 differential	 expression	 of	 the	 repulsive	 receptor	 Unc5b	 in	 migrating	 neurons;	
together,	 they	 generate	 subsets	 with	 distinct	 responsiveness	 to	 environmental	 Netrin1.	
Thus,	 Ezh2‐dependent	 epigenetic	 regulation	 of	 intrinsic	 and	 extrinsic	 transcriptional	
programs	 controls	 topographic	 neuronal	 guidance	 and	 connectivity	 in	 the	 cortico‐ponto‐
cerebellar	pathway.	
 
 
 
 
 
 
 
 
 
Author	contribution	statement:	Experimentally,	I	participated	to	the	collection	and	isolation	
of	 biological	 material	 for	 chromatin	 analysis	 and	 performed	 part	 of	 these	 assays.	 I	
contributed	to	the	study	analysis	and	interpretation	of	the	relative	results.  
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5.1 “Human	Teneurin‐1	 is	a	direct	target	of	the	homeobox	transcription	
factor	EMX2	at	a	novel	alternate	promoter”		
Abstract	
	
Background:	 Teneurin‐1	 is	 a	 member	 of	 a	 family	 of	 type	 II	 transmembrane	 proteins	
conserved	from	C.elegans	to	vertebrates.	Teneurin	expression	in	vertebrates	is	best	studied	
in	 mouse	 and	 chicken,	 where	 the	 four	 members	 teneurin‐1	 to	 ‐4	 are	 predominantly	
expressed	 in	 the	 developing	 nervous	 system	 in	 area	 specific	 patterns.	 Based	 on	 their	
distinct,	 complementary	 expression	 a	 possible	 function	 in	 the	 establishment	 of	 proper	
connectivity	in	the	brain	was	postulated.	However,	the	transcription	factors	contributing	to	
these	 distinctive	 expression	 patterns	 are	 largely	 unknown.	 Emx2	 is	 a	 homeobox	
transcription	factor,	known	to	be	important	for	area	specification	in	the	developing	cortex.	
A	study	of	Emx2	knock‐out	mice	suggested	a	role	of	Emx2	in	regulating	patterned	teneurin	
expression.	
	
Results:	5’RACE	of	human	teneurin‐1	revealed	new	alternative	untranslated	exons	that	are	
conserved	in	mouse	and	chicken.	Closer	analysis	of	the	conserved	region	around	the	newly	
identified	 transcription	 start	 revealed	 promoter	 activity	 that	 was	 induced	 by	 EMX2.	
Mutation	of	a	predicted	homeobox	binding	site	decreased	the	promoter	activity	in	different	
reporter	assays	in	vitro	and	in	vivo	in	electroporated	chick	embryos.	We	show	direct	in	vivo	
binding	 of	 EMX2	 to	 the	 newly	 identified	 promoter	 element	 and	 finally	 confirm	 that	 the	
endogenous	alternate	transcript	is	specifically	upregulated	by	EMX2.	
	
Conclusions:	We	 found	 that	 human	 teneurin‐1	 is	 directly	 regulated	 by	 EMX2	 at	 a	 newly	
identified	 and	 conserved	 promoter	 region	 upstream	 of	 the	 published	 transcription	 start	
site,	 establishing	 teneurin‐1	 as	 the	 first	 human	 EMX2	 target	 gene.	 We	 identify	 and	
characterize	the	EMX2	dependent	promoter	element	of	human	teneurin‐1.	
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staining,	the	chromatin	immunoprecipitation	assay	and	the	in	situ	hybridizations	on	mouse	
brains.	 I	 contributed	 to	 the	 study	 design,	 analysis	 and	 interpretation	 of	 the	 results,	
preparation	of	figures. 
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Discussion	and	outlook	
During	 this	PhD	work	we	have	 investigated	 the	 counteracting	effects	of	active	 (RA	
signaling)	 and	 repressive	 (Polycomb‐mediated	 repression)	mechanisms	 able	 to	modulate	
the	 transcriptional	 state	 of	 Hox	 genes,	 which,	 in	 turn,	 play	 an	 important	 role	 in	 the	
embryonic	body	patterning.		
Although	the	Hox	positional	system	has	been	conserved	during	the	evolution,	there	
are	 important	 differences	 between	 flies	 and	 vertebrates	 with	 regard	 to	 the	 molecular	
events	 that	 lead	 to	 their	 activation	 along	 the	 rostro‐caudal	 embryonic	 axis.	 In	 flies,	 the	
transcription	of	homeotic	selector	genes	is	determined	by	the	hierarchical	control	exerted	
by	maternal	effect	genes	as	well	as	zygotic	gap	and	pair‐rule	genes.	In	mouse,	the	anterior	
expression	boundaries	of	Hoxa1	and	Hoxb1	in	the	hindbrain	are	set	by	their	responsiveness	
to	RA	signaling	(Dupé	et	al.	1997;	Marshall	et	al.,	1994;	Studer	et	al.,	1998).	Previous	works	
underlined	the	crucial	function	of	Hox	transcription	factors	during	hindbrain	development	
(Gavalas	 et	 al.	 1997,	 1998;	 Studer	 et	 al.,	 1998;	 Rossel	 and	Capecchi,	 1999).	 In	 particular,	
Hoxa1	 mutation	 leads	 to	 a	 dramatic	 reorganization	 of	 the	 rhombomeric	 (r)	 identities	
causing	a	posterior	expansion	of	r3	and	affecting	the	development	of	r4	and	r5	(Dollé	et	al.,	
1993;	Carpenter	et	al.,	1993).	This	reorganization	results	in	the	absence	of	the	abducens	(VI	
cranial	 nerve),	 reduction	 of	 the	 facial	 (VII),	 absence	 of	 the	 spiral	 and	 vestibular	 ganglia	
(VIII)	as	well	as	reduction	of	glossopharyngeal	(IX)	and	vagus	(X)	nerves	(Mark	et	al.,	1993).	
Furthermore,	 Pbx	 is	 a	 well‐characterized	 Hox	 cofactor	 and	 participate	 to	 the	 auto‐	 and	
cross‐regulatory	 loops	 responsible	 for	 the	 maintenance	 of	 rhombomere‐specific	 Hox	
transcriptional	states	(Ferretti	et	al.,	2005;	Maconochie	et	al.,	1997;	Pöpperl	et	al.,	1995).		
How	during	the	evolution	Hox	genes	became	under	the	control	of	RA	signaling	is	ill	
characterized.	Furthermore,	the	molecular	mechanisms	leading	to	proper	expression	of	RA	
synthesizing	enzymes	during	embryonic	development	are	still	elusive.	Raldh2	is	the	earliest	
RA	synthesizing	enzyme	expressed	during	embryonic	development	and	its	mutation	causes	
pleiotropic	 developmental	 abnormalities	 such	 as	 altered	 turning,	 shortened	 bodies,	
abnormal	 development	 of	 forebrain	 and	 limb	buds,	 a	 dilated	heart,	 hypoplastic	 posterior	
branchial	 arches,	 and	 somite/vertebral	 patterning	 defects	 (Niederreither	 et	 al.,	 1999).	 In	
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order	 gain	 insight	 into	 the	 transcriptional	 control	 of	 Raldh2	 we	 started	 from	 the	
observation	 that	 Pbx1/Pbx2	 double	 mutants	 show	 most	 of	 the	 developmental	 defects	
exhibited	by	Raldh2	mutant	animals	(Capellini	et	al.,	2008;	Selleri	et	al.,	2001;	Stankunas	et	
al.,	 2008).	 Furtermore,	 given	 the	 known	 functional	 interaction	 between	Hox	 and	 Pbx	we	
hypothesized	a	potential	involvement	of	Hox	transcription	factors	in	Raldh2	regulation.	In	
the	 first	work	we	 demonstrate	 the	 presence	 of	 non‐cell‐autonomous	 effects	mediated	 by	
Hox	and	Pbx	mutations	on	hindbrain	 segmentation	 in	 the	mouse.	We	 show	 that	Hox	and	
Pbx	 play	 a	 crucial	 role	 in	 the	 maintenance	 of	 Raldh2	 expression	 in	 the	 mesoderm.	
Compound	Pbx1‐/‐/Pbx2‐/‐	and	Hoxa1‐/‐/Pbx1‐/‐	mouse	embryos	fail	to	maintain	proper	levels	
of	Raldh2	expression	over	time	and	exhibit	 lower	RA	reporter	activity.	Moreover,	Hoxa1‐/‐
/Pbx1‐/‐	 compound	 mutants	 show	 hindbrain	 segmentation	 defects	 that	 can	 be	 partially	
rescued	 by	 exogenous	 RA	 complementation.	 Mesoderm‐specific	 Hoxa1	 and	 Pbx1b	
knockdowns	 in	 Xenopus	 embryos	 also	 result	 in	 Raldh2	 downregulation	 and	 hindbrain	
defects	 similar	 to	 mouse	 mutants.	 Mechanistically,	 Hox‐Pbx	 and	 Meis	 factors	 form	 tri‐
molecular	complexes	able	to	bind	directly	a	specific	regulatory	element,	located	within	the	
first	intron	of	Raldh2	locus,	which	is	required	to	maintain	normal	Raldh2	expression	levels	
in	vivo.	 Taken	 together,	 our	data	 reveal	 a	RA‐mediated	 feed‐forward	 regulatory	 loop	 that	
puts	in	register	the	spatial	collinear	expression	of	Hox	genes	in	the	paraxial	mesoderm	with	
their	 expression	 in	 the	 neural	 tube.	 These	 findings	 show	how	 retinoic	 signaling	 pathway	
could	 have	 been	 evolutionary	 co‐opted	 for	 vertebrate	 patterning	 and	 integrated	 into	 the	
Hox	positional	system.	
These	 results	 underline	 the	 role	 of	 Hox	 and	 Pbx	 transcription	 factors	 in	 the	
maintenance	 of	 Raldh2	 expression.	 In	 the	 future,	would	 be	 interesting	 to	 investigate	 the	
transcriptional	 network	 responsible	 for	 its	 initiation.	 We	 speculate	 that	 the	 same	
mechanism	 discovered	 by	 our	 research	might	 play	 a	 role,	 but	 such	 hypothesis	would	 be	
difficult	 to	 demonstrate	 in	 the	 mouse	 because	 of	 the	 presence	 of	 several	 Hox	 and	 Pbx	
paralog	 genes.	 Interestingly,	Hoxd1	 is	 not	 expressed	 in	 the	neuroephitelium	at	 this	 stage,	
although	 it	 is	 cyclically	 transcribed	 in	 the	 newly	 formed	 somites	 and	 in	 the	 posterior	
presomitic	mesoderm	 (Pitera	 et	 al.,	 2001).	 Furthermore,	 other	 reports	 describe	dramatic	
hindbrain	reorganization	to	a	rhombomere	1‐like	identity	upon	Hox	PG1	gene	knockdown	
in	Xenopus	 (McNulty	 et	 al.,	 2005)	or	Pbx	 loss‐of‐function	 in	Zebrafish	 (Waskiewicz	 et	 al.,	
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2002).	These	observations	strengthen	the	hypothesis	that,	at	the	early	gastrula	stage,	Hox	
PG1	and	Pbx	might	play	a	role	also	in	the	onset	of	the	RA	signaling.	
After	the	initial	expression	of	Hox	PG1	genes,	the	activation	of	the	following	paralog	
groups	 reflects	 their	 position	 along	 the	 clusters	 from	 3’	 to	 5’.	 This	 phenomenon	 called	
temporal	collinearity	(Izpisúa‐Belmonte	et	al.,	1991)	indicates	a	sequential	acquirement	of	
the	 transcriptional	 competency	 of	 these	 genes.	 Although	 not	 completely	 deciphered,	 this	
mechanism	relies	on	the	presence	of	regulatory	elements	located	in	the	nearby	gene‐desert	
regions	surrounding	of	the	Hox	clusters	(Tschopp	et	al.,	2009).	Recently,	the	transcriptional	
availability/silencing	of	Hox	genes	has	been	revisited	in	terms	of	chromatin	configuration	of	
the	 clusters	 (Soshnikova	 and	 Duboule,	 2009).	 In	 particular,	 maintenance	 of	 Hox	
transcriptional	 states	 correlates	with	distinct	 sub‐nuclear	domains	of	 active	or	 repressed	
genes	 (Bantignies	 et	 al.,	 2011;	 Noordermeer	 et	 al.,	 2011).	 According	 to	 this	 model,	 in	
rostral‐most	embryonic	regions,	where	Hox	genes	are	completely	silent,	each	Hox	cluster	is	
organized	as	a	single	repressive	domain,	while	in	posterior	regions,	a	progressive	number	
of	 Hox	 genes	 become	 expressed	 and	 relocated	 to	 an	 active	 chromatin	 compartment,	
following	their	distribution	from	3’	to	5’	along	the	clusters	(spatial	collinearity).	
To	date,	the	molecular	signals	responsible	for	the	maintenance	of	repressive	state	or	
the	 absence	 of	 de‐repression	 of	Hox	 genes	 in	 rostral	 embryonic	 domains	 have	 been	 not	
totally	 elucidated.	 Signaling	 pathways	 such	 as	 FGF,	 produced	 by	 the	midbrain/hindbrain	
boundary	 could	 play	 a	 role	 (Trainor	 et	 al.,	 2002)	 or	 the	 expression	 of	 RA	 degrading	
enzymes	(Uehara	et	al.,	2007)	can	individually,	or	in	combination,	lead	to	the	establishment	
of	 this	 configuration.	However,	previous	 reports	 suggested	a	 role	of	 the	PRC1	complex	 in	
the	 maintenance	 of	 transcriptional	 repression	 of	 Hox	 genes	 during	 antero‐posterior	
patterning	(Isono	et	al,	2005),	but	due	to	the	early	lethality	of	mutant	mice	a	comprehensive	
analysis	of	Polycomb	loss	of	function	was	missing.		
In	the	second	part	of	this	manuscript,	using	the	cranial	nural	crest	cells	(cNCCs)	as	
model	 for	 our	 study,	 we	 investigated	 the	 role	 of	 Ezh2,	 the	 catalytic	 component	 of	 the	
Polycomb	repressive	complex	2	(PRC2),	 in	the	maintenance	of	the	repressive	state	of	Hox	
genes	and	deployed	the	craniofacial	system	as	readout	of	the	phenotypic	effects	caused	by	
the	 Ezh2	 mutation.	 cNCCs	 are	 bona	 fide	 stem	 cells	 that,	 differently	 from	 their	 posterior	
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counterparts,	 are	 endowed	 with	 a	 different	 combination	 of	 both	 mesenchymal	
(osteogenic/chondrogenic)	 and	 neurogenic‐melanogenic	 potential	 (Calloni	 et	 al.,	 2007).	
This	transient	population	of	cells	originates	from	the	dorsal	neural	tube,	undergo	epithelial‐
to‐mesenchymal	 transition	 and	 populate	 the	 frontonasal	 and	 pharyngeal	 regions	 where	
they	contribute	to	the	formation	of	most	of	the	cartilages	and	bones	of	the	skull,	facial	and	
pharyngeal	skeletons	(Santagati	and	Rijli,	2003;	Minoux	and	Rijli,	2010).	
Differently	 from	 posterior	 NCCs,	 Hox	 genes	 are	 not	 active	 in	 the	 most	 anterior	
cranial	 NCC	 populations	 and	 their	 ectopic	 expression	 in	 this	 system	 leads	 to	 severe	
impairment	 of	 craniofacial	 development	 (Creuzet	 et	 al.,	 2002).	 This	 situation	 underscore	
the	importance	to	maintain	Hox	genes	repressed	in	order	to	achieve	proper	development	of	
the	 anterior	 part	 of	 the	 embryo.	 Taking	 advantage	 from	 genetically	 labeled	 NCCs,	 we	
performed	genome‐wide	transcriptional	and	epigenetic	analysis	on	nearly	pure	populations	
of	 FACS‐sorted	 cNCCs	 isolated	 from	 different	 rostrocaudal	 origins	 along	 the	 developing	
E10.5	embryo,	namely	the	Hox‐negative	Maxillary	(Mx)	and	Mandibular	(Md)	prominences	
of	 the	 first	 pharyngeal	 arch	 as	 well	 as	 the	Hox‐positive	 Hyoid	 (Hy)	 NCCs	 of	 the	 second	
pharyngeal	 arch.	 In	 control	 samples	 and	 independently	on	 their	 rostrocaudal	 origins,	 the	
epigenomic	profile	revealed	the	presence	of	high	enrichment	of	H3K27me3	at	the	 level	of	
the	 four	 Hox	 clusters,	 the	 epigenetic	 mark	 catalyzed	 by	 Ezh2	 and	 associated	 with	
transcriptional	repression	(Margueron	and	Reinberg,	2011).	However,	in	the	Hy	population,	
Hoxa2	and	Hoxb2	loci	were	depleted	of	H3K27me3	and	enriched	in	H3K4me2	and	H3K27ac,	
epigenetic	 marks	 associate	 with	 positively	 regulated	 promoters	 and	 enhancers.	 This	
epigenetic	 landscape	 not	 only	 reflects	 the	 transcriptional	 state	 of	Hox	 genes	 in	 the	 three	
cNCC	sub‐populations	analyzed,	but	is	also	reminiscent	of	the	collinear	activation	of	3’	Hox	
genes	 in	 pre‐migratory	 progenitors.	 Intriguingly,	 an	 important	 observation	 was	 done	 in	
regard	to	the	epigenetic	configuration	of	3’	Hox	PG1	genes	(i.e.	Hoxa1	and	Hoxb1).	While	in	
rhombomere	 4	 (R4)‐derived	 pre‐migratory	 cNCCs	 PG1	 genes	 are	 active	 (Gavalas	 et	 al.,	
1998;	Makki	 and	 Capecchi,	 2010;	Murphy	 et	 al.,	 1991;	 Zhang	 et	 al.,	 1994),	 suggesting	 an	
absence	of	H3K27me3	decoration,	in	migratory	and	post‐migratory	cells	high	enrichment	of	
this	mark	was	 found	 at	 the	 level	 of	 these	 loci,	 indicating	 that	 an	 active	 deposition	 of	 the	
Ezh2‐mediated	 modification	 took	 place.	 This	 result	 emphasizes	 the	 idea	 that	 migrating	
NCCs	are	still	plastic	and	not	irreversibly	committed	(Dupin	et	al.,	2010).		
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To	address	the	functional	role	of	Ezh2	in	the	cNCC	system	we	induced	its	conditional	
mutation	 in	 pre‐migratory	 progenitors.	 In	 Ezh2	 mutant	 cNCCs,	 the	 H3K27me3	 mark	 is	
completely	 lost	 from	 all	 four	 clusters	 and	 a	 consequent	 de‐repression	 of	 Hox	 genes	 is	
observed.	 Phenotypically,	 the	 mutation	 impairs	 the	 correct	 formation	 of	 facial	 and	
pharyngeal	bones	and	cartilages.	This	result	is	in	line	with	the	previous	data	demonstrating	
that	 the	 ectopic	 expression	 of	 Hox	 genes	 is	 incompatible	 with	 normal	 craniofacial	
development	(Creuzet	et	al.,	2002;	Couly	et	al.,	1998	and	Minoux	et	al.,	2013	submitted).		
More	 broadly,	 Ezh2	 activity	 is	 important	 for	 the	 maintenance	 of	 the	 positional	
identity	of	cranial	NCC	sub‐populations.	Previous	studies	suggested	the	presence	of	a	PA1‐
like	 skeletogenic	 ground	 state	 shared	 by	 all	 the	 cranial	 NCCs	 populating	 the	 pharyngeal	
region	 (Minoux	 et	 al.,	 2009).	 In	 keeping	with	 this	 hypothesis,	 our	 genome‐wide	 analysis	
identified	high	degree	of	correlation	between	Md	and	Hy	samples.	This	similarity	 is	more	
evident	 in	 Ezh2	 mutants,	 where,	 at	 genome‐wide	 scale,	 the	 two	 populations	 lose	 their	
molecular	identity.	We	speculate	that	this	situation	reflects	their	common	rhombencephalic	
origin.	This	interpretation	is	corroborated	by	the	fact	that	the	Mx	sub‐population,	deriving	
mostly	 from	 the	mesencephalic	 region,	never	 shows	such	high	degree	of	 correlation	with	
the	other	two	samples,	neither	in	the	Ezh2	mutation	background.		
Finally,	our	analysis	reveals	that	most	of	the	effects	mediated	by	the	Ezh2	mutation	
are	 due	 to	 the	 de‐repression	 of	 its	 direct	 targets,	 i.e.	 genes	 whose	 promoters	 showed	
bivalent	 or	H3K27me3	 enrichment	 in	 the	 control	 samples.	 Although	 preliminary,	 our	 GO	
analysis	 suggests	 that	 Ezh2	 plays	 a	 role	 in	 the	 maintenance	 of	 the	 mesenchymal	
(chondro/skeletogenic)	 fate	 of	migratory	 and	 post‐migratory	 cranial	 NCCs	 by	 repressing	
their	neurogenic	potential.	Taken	together	our	data	strongly	indicate	the	role	of	Ezh2	in	the	
maintenance	of	 the	mesenchymal	potential	 and	positional	 identity	 of	 cranial	 neural	 crest	
cells	during	mouse	craniofacial	development.	
At	the	moment,	our	laboratory	is	consolidating	some	of	the	hypotheses	derived	from	
the	 analysis	 of	 the	 epigenetic	 configuration	 of	 the	 clusters.	 In	 particular,	 it	 will	 be	 of	
particular	importance	to	assess	the	epigenetic	configuration	of	Hox	PG1	genes	in	r4‐derived	
pre‐migratory	 progenitors	 in	 order	 to	 prove	 the	 existence	 of	 a	 de	 novo	 deposition	 of	
H3K27me3	on	migrating	and	post‐migratory	cNCCs.	Furthermore,	according	to	the	recent	
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publication	correlating	the	presence	of	active	and	repressive	chromatin	domains	with	the	
distribution	 of	 H3K4me3	 and	 H3K27me3	 modifications	 (Noordermeer	 et	 al.,	 2011)	 we	
would	expect	 to	observe	that,	 in	migratory	and	post‐migratory	r4‐derived	NCCs,	Hox	PG1	
genes	 colocalize	with	 the	 rest	of	 the	 repressed	cluster,	whereas	Hox	 PG2	would	occupy	a	
different	 active	 compartment	 of	 the	 nucleus.	 To	 address	 this	 question	 Chromosome	
Conformation	Capture	(4C)	assays	will	be	used	to	determine	the	spatial	distribution	of	Hox	
genes	within	active	and	silenced	chromatin	compartments.		
In	 this	study	we	did	not	 include	the	anterior‐most	population	of	cNCCs	originating	
from	the	diencephalic	region	and	colonizing	the	frontonasal	process	(FNP),	but	an	analysis	
of	 their	 transcriptome	will	be	 important	to	 link	the	 loss	of	positional	 identity	observed	 in	
the	 Md	 and	 Hy	 samples	 to	 their	 common	 rhombencephalic	 origin.	 In	 fact,	 if	 our	
interpretation	 is	 correct,	we	would	 expect	 to	 observe	maintenance	of	 distinct	 expression	
profiles	among	Ezh2	mutant	populations	originating	from	different	regions.			
Finally,	our	laboratory	is	now	investigating	the	cell	identity	of	Ezh2	mutant	cNCCs.	In	
keeping	with	the	observation	that	the	mutation	causes	a	de‐repression	of	the	neural	fate	at	
the	expenses	of	the	chondro/osteogenic	potential,	we	are		performing	a	characterization	of	
the	neural	versus	mesenchymal	markers	expressed	by	mutant	cells.	Furthermore,	we	will	
also	 investigate	 if	 the	 de‐repression	 of	 such	 an	 inappropriate	 program	 in	 cNCCs	 would	
consequently	induce	their	apoptosis,	a	change	in	their	proliferative	properties,	or	a	stable	
switch	in	their	fate.		
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